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ABSTRACT
Chemical Process Miniaturization (CPM) has predominant advantages in heat and 
mass transfer limited unit operations, synthesis of hazardous materials, and as a process 
development tool. For years, engineers have been seeking ways to apply CPM to 
practical applications. Studies of catalysts and catalyst supports that can be applied to 
microreactors are important for a number of commercially desirable gas phase reactions. 
Parameters such as surface-to-volume ratio and the pore structure of catalyst supports 
influence the activity and selectivity of the catalysts.
In this study, platinum, iron and cobalt catalysts were fabricated by sputtering 
deposition and compared with catalysts deposited by chemical procedures. The chemical 
methods to fabricate silica-supported or alumina-supported Pt and alumina-supported 
Fe/Co catalysts were investigated using the sol-gel and ion impregnation techniques. A 
substantial increase in the reaction surface area was observed for the sol-gel supports; 
however, the sol-gel could not be uniformly applied in the smaller microchannels tested. 
The characterization of the catalysts and supports was performed using SEM, XPS, BET 
surface area measurement, EDX, and VSM. The support particles are approximately 80
nm in diameter, which results in a specific surface area of 400 m2/g and dramatically
2 2increases the surface area of the catalysts in a microreactor from 0.03 m to 7 m .
The activity and efficiency of catalysts were evaluated in microreactors with 100 
micron and 5 micron wide channels. Process optimization of the Inductive Coupled
iii
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Plasma (ICP) etching was necessary to achieve the desired microchannel dimensions and 
uniformity. The ICP parameters’ studies included cycle time of SF6 gas flow, bias power, 
and chamber pressure. The conversion of cyclohexene to cyclohexane and benzene is the 
model reaction for comparison of the various deposition methods of the catalysts and the 
supports.
In addition, screening studies were performed on two reactions of enormous 
commercial potential: Fischer-Tropsch (F-T) synthesis, and preferential oxidation of CO 
in fuel cell. An over 50% conversion of CO and 78% selectivity to propane in F-T 
synthesis has been achieved. Meanwhile, a 70% conversion of CO and 80% selectivity to 
CO2 in preferential oxidation is reached in the fuel cell feed gas reaction. Statistical 
modeling studies were done using a Central Composite Design (CCD) to achieve the 
optimal condition (temperature 158 °C, CO: O2 ratio 1.77 and total flow rate 0.207 seem) 
for preferential oxidation of CO in fuel cells.
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CHAPTER I
INTRODUCTION
The Chinese are capable of engraving poems on a single hair. To read them, one 
must use a microscope. Imagine how small a single word is. This technique could be 
called micro-art. What parallel exists in the mechanical word? In November 1960, the 
first functioning microelectric motor, measuring l/64,h of an inch, came to the world [1]. 
Process miniaturization started with microelectrical mechanical systems (MEMS), which 
have created an amazing new world. The change of computer size from several rooms 
down to a laptop brings us to a micro-scale world.
Chemical engineers are striving to bring micro-technology to chemical labs and 
chemical plants. Traditionally, the chemical industry operates reactors in a few large 
facilities to achieve economies of scale. Today, a small group of research institutes and 
companies in the chemical process industries are working in the opposite direction, 
developing micrometer-scaled reactors and integrating microstructured heat exchangers, 
pumps, valves, and other devices. This is called Chemical Process Miniaturization 
(CPM). The idea of chemical processing on a chip can be fully utilized step by step by 
employing the microelectronic and micromachining technology.
Chemical Process Miniaturization (CPM) technologies may apply to a variety of 
areas, including environmental sensing and control, improved operation of chemical 
processes, stronger economic performance through reduced costs, and increased safety
1
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for processing hazardous materials. The ultimate goal in the CPM is to integrate an entire 
process plant or lab on a single chip. According to recent developments in the fields of 
silicon bulk and surface micromachining, the fabrication of devices with characteristic 
dimensions of the order of a few microns has become possible. Microreactors can be 
advantageous in analytical and synthesis applications due to high surface area to volume 
ratios, resulting in better heat and mass transfer properties, and easy integration with 
peripheral devices [2].
Research Need
A large number of applications within the last decade have demonstrated 
advantages for miniaturized analysis systems compared to lab-scale equipment. Smaller 
devices need less space, materials, and energy and often have faster response times. In 
particular, more information per space and time is gained. Process miniaturization and 
microreaction technology provide opportunities for improving process capability and 
control in chemical synthesis and can allow safer and more efficient chemical kinetics 
investigations.
A catalyst is a material used to increase the rate of a chemical reaction. Many 
reactions need catalysts. Catalysts are of crucial importance for the chemical industry; the 
number of catalysts applied in industry is very large and catalysts come in many different 
forms, from heterogeneous catalysts in the form of porous solids, or homogeneous 
catalysts dissolved in the liquid reaction mixture to biological catalysts in the form of 
enzymes. Catalyst studies can be applied to a broad range o f petroleum refining, 
automotive, aerospace, and environmental problems. Since catalysts are very important to
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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chemical reactions and chemical analysis, the utility of miniaturization of reaction and 
analysis cannot be realized without the microfabrication of catalysts.
The surface-to-volume ratio of microreactor scales with the interface area 
between reactant and catalyst. The structure of catalysts on the wall of a microreactor 
greatly impacts the activity of catalysts. The pore structure of catalysts can be 
manipulated to increase reaction surface. Therefore, the study of catalyst microstructure 
and microfabrication methods is important to chemical process miniatunzation.
Catalyst deactivation is a phenomenon that must be understood to effectively 
employ a catalyst in commercial applications. This problem can be reduced by the use of 
combined catalysts. Catalyst development has traditionally been an empirical and time- 
consuming process. There are strong business demands for speeding up the development 
of active substances and new catalysts. Worldwide, several groups are attracted by the 
fields of combinatorial methods for chemistry and catalysis [3-6].
Research Objectives 
The Institute for Micromanufacturing (IfM) at Louisiana Tech University is one 
of the major groups investigating the fundamentals of microreaction technology in the 
world. In this research, based on previous success and the need of present micro-chemical 
process development, I will apply advanced microfabrication and micromeasurement 
technology to realize the following objectives:
1. Establish an effective deposition process of catalysts. Adapt or alter the reviewed 
methods of catalyst deposition to apply catalyst films in the microchannels of 
reactors. The methods include sputtering deposition, sol-gel process, anodic
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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oxidation, immobilized nanoparticles (e.g. impregnation or precipitation), and 
combination of these methods.
2. Based on the surface catalyst kinetics and microfluidics, Design and fabricate 
microreactors for testing catalysts using photolithography and dry etching 
technology.
3. Characterize both the microreactors and catalysts using a variety of analytical 
tools: SEM (scanning electron microscopy), XPS (X-ray photoelectron 
spectroscopy), and BET surface area measurement, EDX (Energy Dispersive X- 
Ray), and VSM (Vibrating Sample Magnetometer).
4. Utilize the hydrogenation and dehydrogenation of cyclohexene as a model 
reaction to compare the catalytic activity of catalysts of various deposition 
techniques.
5. Conduct two commercially viable reactions in the mciroreator: preferential 
oxidation for CO amelioration in hydrogen fuel cell feeds and Fischer-Tropsch 
synthesis to higher alkanes.
The final objective will demonstrate the suitability of using microreactors as a 
process development tool. Potential benefits include: faster transfer o f research results 
into production, easier scale-up of production capacity, earlier start o f production at lower 
costs for transportation, and more flexible response to market demands.




Microreactors consist of channels etched on metal, glass, silicon, or other 
substrates via photolithography or other techniques. The channels have lateral dimensions 
in the order of micrometers. Silicon is often chosen due to well developed 
photolithography and etching techniques developed in the microelectronic industry. In 
addition to the environmental and safety benefits of dealing with smaller quantities of 
material, microreactors offer a number of performance benefits. Most of these advantages 
stem from the high surface-to-volume ratio inherent at the micro-scale. Microreactors’ 
narrow channels and thin walls make them desirable candidates for studying potentially 
explosive reactions. The small channels and the large surface-to-volume ratios serve to 
inhibit gas-phase free-radical reactions as well as improve heat transfer for exothermic 
reactions.
Microreactors exhibit different fluid dynamics than conventional reactors due to 
their inherent small scale. Microchannels have a large length-to-depth ratio, which is 
proportional to the number of molecular collisions with the channel wall in Knudsen flow 
[7]. Hence, the reaction efficiency is improved with the enhanced collision frequency.
Microreactors are able to promote the performance of some reactions by 
narrowing the residence time. Improved heat transfer can allow one to reduce reaction
5
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time needed for highly exothermic reactions. They can also provide relatively simple and 
quick means for commercializing a process. Conventional scale-up involves a transition 
from laboratory scale to a single large reactor unit through a series of costly laboratory 
experiments, pilot plant studies, and simulations. In contrast, a microreactor can be 
“scaled-out” through the combination of large numbers of reactors in parallel, allowing 
for a quick and simple construction and maintenance with less cost [8],
Catalyst Study for Microreaction 
A catalyst is a substance that affects the rate of a reaction but emerges from the 
process unchanged. Catalysts have been used by humankind for over 2000 years [9]. The 
first observed uses of catalysts were in the making of wine, cheese, and bread. A catalyst 
usually changes a reaction rate by promoting a different molecular path (“mechanism”) 
for the reaction. Catalysis is the occurrence, study of catalysts and catalytic process. 
Commercial chemical catalysts are immensely important. Approximately one-third of the 
material gross national product of the United States involves a catalytic process 
somewhere between raw material and finished product. Catalysis is of crucial importance 
for the chemical industry; the number of catalysts applied in industry is very large. 
Catalysts come in many different forms, from heterogeneous catalysts in the form of 
porous solids, and homogeneous catalysts dissolved in the liquid reaction mixture, to 
biological catalysts in the form of enzymes. Catalyst studies address a broad range of 
petroleum refining, automotive, aerospace, and environmental problems. The structure of 
catalysts on the wall of a microreactor impacts the activity of the catalyst, which affects 
the rate of reaction. The surface-to-volume ratio of microreactor scales with the interface
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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area between reactant and catalyst. The pore structure of catalysts can also increase the 
reaction surface area. Both of them impact the efficiency of catalysts. Therefore, the 
study of catalyst microstructure and microfabrication methods is critical to chemical 
process miniaturization.
A Pt-catalyzed NH3 oxidation as a model reaction was investigated by the 
researchers of Massachusetts Institute of Technology in a novel reactor having 
micrometer flow channels with integrated heaters and flow and temperature sensors [10]. 
The reactor behavior as a function of operating conditions shows that conversion and 
selectivity behaviors of conventional reactors can be reproduced and demonstrates the 
feasibility o f conducting chemical reactions in microfabricated systems. Another example 
of using Pt as catalyst is an experimental system to test the effectiveness of a 
microreactor design for the catalyst and to test the behavior of the catalyst itself [11].
The mixture of platinum and other materials as catalysts is new and a challenging 
technology. A reactor system designed for low mass flows of reactant gas, for evaluation 
of the activity of electron beam lithography-nanofabricated model catalysts with a small 
total active area, is described by Stefan [12].
Reliable and reproducible results can be obtained in such microreactor studies, 
under flow conditions, on Pt/CeOx catalysts. James demonstrated aqueous phase 
heterogeneous catalytic oxidation of trichloroethylene over 5% ruthenium and 20% 
platinum (w/w) catalyst supported on activated carbon [13]. The metals were 
impregnated into the carbon support using ruthenium chloride dissolved in 15% HC1, and 
platinum was dissolved in aqueous hexachloroplatimc acid. This catalyst was also used in
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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development of a catalytic fuel processing system, which is integrated with a solid oxide 
fuel cell power source. This catalytic device also can utilize a novel three-way catalytic 
system consisting of an in-situ pre-reformer catalyst, the fuel cell anode catalyst, and a 
platinum-based combustion catalyst. The three individual catalytic stages have been 
tested in a model catalytic microreactor by Finnerty [14]. The third example is direct 
formation of isobutene from n-butane over zeolite and AI2O3 supported platinum and 
platinum-copper catalysts. Hamid showed that the addition of Cu decreases Pt dispersion, 
irrespective of preparation methods and the nature of catalyst supports. The presence of 
potassium was found to reduce acidity and Pt dispersion [6].
Catalytic properties of supported platinum can be modified by using promoters 
known as dehydrogenation catalysts: tin, zinc aluminate spine, and transition metal 
pyrophosphates. Sadykov V.A. designed a tubular microreactor with independent control 
of feed preheat as well as catalyst temperatures that allowed rapid quenching of the 
reaction products for testing performance of supported Pt-based monolithic catalysts in 
the oxidative dehydrogenation of propane at short contact times [16]. Platinum was 
supported onto monolithic supports via incipient wetness impregnation with aqueous 
solutions ofH 2PtCl6.The phase composition of catalysts was studied by X-ray diffraction 
(XRD).
Non-Pt catalysts that have been applied to microreactors include zeolites, sulfated 
titania solid acid, and alloys. The application of catalysts based on zeolites and related 
materials is one of the latest developments in the field of heterogeneous catalysis, which 
started with the use of amorphous silica-alumina. These crystalline materials are
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thermally and hydrothermally stable, and the number and strength of their acid sites can 
be controlled. They have a high adsorption capacity, and contain channels of molecular 
dimensions - properties of interest for a number of applications [17].
Sulfated titania catalysts were prepared by the precipitation of titanic acid from 
titanium tetrachloride using aqueous ammonia, followed by impregnation with sulfuric 
acid. The sulfate concentrations in the catalysts were in the range of 5-15 wt %. These 
sulfated catalysts were calcined at temperatures in the range of 450-650 °C. The 
characteristics of these sulfated titania catalysts were examined using the BET method, 
powder X-ray diffraction (XRD), Auger Electron Spectroscopy (AES) elemental analysis, 
and 'H MAS solid state NMR measurements [18]. Three kinds of Fe78Sil2B10 alloys 
have been tested as catalysts for the hydrogenation of CO in a flow microreactor. Their 
catalytic activity, selectivity and deactivation mechanisms were studied. It was found that 
the activity depends mainly on Fe grain size and partially amorphous Fe78Sil2B10 alloy 
that shows an activity six times higher than the crystalline one. It has also been found that 
the selectivity and deactivation of the FeSiB catalysts are affected mainly by the 
segregation of silicon and boron on the surface [19].
In this study, we adapted or altered published methods for catalysts deposition in 
microchannels. The sputtering deposition, sol-gel washcoating, and impregnation were 
selected in this research. By testing the activity and selectivity of catalysts we provide the 
first known published comparison of physical and chemical deposition techniques of 
catalysts applied to microreactors with two different widths.
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Application of Microreaction Technology
Process miniaturization and microreaction technology provide opportunities for 
improving process capability and control in chemical synthesis and can allow safer and 
more efficient chemical kinetic investigations. Compared to normal scale reactors, 
microreactors have the following advantages: decrease of linear dimensions, increase of 
surface to volume ratio, decrease of volume, fast and efficient process development, 
decreased potential of environmental impact, and increased safety.
In this project, the conversion of cyclohexene has been chosen as a model reaction
for microfabricated catalysts inside microreactors due to its use for characterization of
microreactors in the literature [45-47]. In addition, two reactions of industrial
significance have been demonstrated in the microreactor: preferential oxidation for CO
amelioration in hydrogen fuel cell feeds and Fischer-Tropsch synthesis to high alkanes.
Conversion of Cvclohexene to Cvclohexane 
and Benzene
The reaction of cyclohexene (CeHio) and hydrogen has been explored in recent 
years by a number of investigators [20-24]. This reaction system is a popular model for 
many similar systems ubiquitous in the chemical process and petroleum refining 
industries, including (a) hydrotreating [25] for aromatics reduction, desulfurization, and 
denitrogenation, (b) reforming for aromatics reduction and dehydrocyclization, [26,27], 
and (c) fuel processing of liquid hydrocarbons for the generation of hydrogen feed for 
fuel cells [28].
There are numerous metals, such as tungsten, platinum, silver, cobalt, carbon, etc, 
catalyze cyclohexene to cyclohexane or benzene. The dehydrogenation of cyclohexene
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on Pt-modified C/W (111) surfaces was studied by Liu [43]. Temperature Programmed 
Desorption (TPD), Auger Electron Spectroscopy (AES), and high-resolution EELS 
(HREELS) were used to characterize the surface reactivity of tungsten carbide modified 
by the presence of submonolayer Pt and the properties of O-modified C/W (111) surfaces 
[43,44]. The reacting system permitted the study of effects influencing reaction 
selectivity towards cyclohexane (CfrH^) versus benzene (0 ^ 6) through the reactions in 
Equations 2.1 and 2.2.
Dehydrogenation or hydrogenation of cyclohexene depends on the type of catalyst 
used and operating conditions. The use of silver favors the dehydrogenation of 
cyclohexene. The benzene formed from cyclohexene remains chemisorbed on the silver 
surface until 275 K [45]. Different catalysts have different mechanisms of 
dehydrogenation. For example, benzene produced from cyclohexene forms on the surface 
of Pd(l 11) at 150 K with no stable intermediate, which is different from that found on the 
P t(lll)  [46]. In addition, the catalyst supports also affect the selectivity to cyclohexane 
or benzene. Cobalt phthalocyanine (CoPc) supported on AI2O3 , SiC>2 and SiCVAhOa of 
varying SiC>2 mole ratios have been investigated by Hassanto and exhibit good selectivity 
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In this study, dehydrogenation and hydrogenation of cyclohexene have been
investigated. The activity and efficiency of sputtered and sol-gel coated Pt have been
tested using this reaction. The conversion of cyclohexene selectivity towards benzene or
cyclohexane will be discussed in detail.
Preferential Oxidation for CO Amelioration 
in Hydrogen Fuel Cell Feeds
Fuel cells hold substantial promise in reducing the environmental impact of 
transportation. A fuel cell is a battery in which a fuel - normally hydrogen or methanol - 
reacts at the anode and oxygen reacts at the cathode. However, unlike in a normal battery, 
fuel cell electrodes are not consumed - only the fuel is consumed [29]. In most cases, 
hydrogen is the preferred fuel for use in the present generation of fuel cells being 
developed for commercial applications [30]. When generating hydrogen from natural gas, 
methane, or methanol, one of the by-products is carbon monoxide. The presence of 
carbon monoxide in the hydrogen rich feed gas to fuel cells can poison the platinum 
anode electrode and dramatically reduce the power output [31]. Therefore, carbon 
monoxide clean-up and amelioration is very important for fuel cell technology 
development.
The hydrogen generation reactions are classified into 1) decomposition, 2) steam 
reforming, 3) partial oxidation, and 4) auto-thermal reforming. Various reactors have 
been developed: 1 ) external heating steam reformer, 2 ) recuperated plate stacked 
reformer, 3) adiabatic auto-thermal reformer. Various CO-removal technologies have 
been developed: 1) water-gas shift, 2) preferential oxidation, 3) methanation, 4) hydrogen 
separation, and 5) CO-adsorption [32].
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Loughborough developed a compact CO selective oxidation unit based on two 
coated aluminum heat exchangers. Experimental results show that the selective oxidation 
unit can reduce the CO from 2% to less than 15 ppm and is suitable for a vehicle fuel cell 
power plant of 20 kWe [33]. In 2001, the same group reported a metal based catalytic CO 
oxidation reactor which makes CO concentrations from a typical steam reformer output 
of 7000 ppm input to less than or equal 15 ppm in the presence of approximately 75% 
hydrogen [34,35]. The reactor design was based upon the catalyst coating of high surface 
area heat transfer technology. Catalyst screening studies have revealed a mixed transition 
metal oxide promoted platinum-ruthenium formulation to be suitable for the particular 
reactor application, i.e. acceptable CO oxidation activity and selectivity within a 
temperature range of 130-200 °C.
Removal of CO contained in hydrogen has been attempted by using different 
catalysts. Oxidative removal of a small quantity of CO from hydrogen atmosphere has 
been examined using catalysts containing 3d transition metal oxides. The oxidation of 
CO takes place in preference to that of H2 on catalysts containing Co or Mn in a 
temperature range from 323-423 K. Currently, the most popular catalyst is platinum, due 
to its good performance in reactors. In Italy, the oxidation kinetics of H2 and H2 + 100 
ppm CO were investigated on Pt, Ru and Pt-Ru electrocatalysts supported on a high- 
surface area carbon powder. Best performances, both in H2 and H2 + CO, were achieved 
by the catalyst with the ratio of Pt/Ru = 1 [35]. In the U.S., Denis presented the results of 
selective CO oxidation, in macro-scale, in simulated reformate gas over single-step sol- 
gel prepared Pt/alumina catalysts [36]. The effects of water vapor, carbon dioxide, CO
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and oxygen concentrations, temperature, and Pt loading on the activity and selectivity 
were presented. Their results showed that a 2% Pt/alumina sol-gel catalyst can selectively 
oxidize CO down to a few ppm with constant selectivity and high space velocity. Water 
vapor in the feed increases the activity of the catalysts dramatically and in the absence of 
water vapor, CO2 in the feed stream decreases the activity of the catalysts significantly 
[36].
In our current study, we have focused on preferential oxidation of CO using a 
microreactor. The reaction are shown below:
Pt
CO + O2 ------------► CO2 desired reaction 2.3
Pt
H2 + O2  ► H2O undesired reaction 2.4
High conversion is required to reduce the CO concentration to a level that is not 
detrimental to a Proton Exchange Membrane (PEM)-based fuel cell. High selectivity to 
CO2 is necessary because hydrogen is used to generate electricity in the fuel cell. 
Oxidation of hydrogen to water reduces energy available in the fuel.
Fischer-Tropsch Synthesis
As the global reserves of oil are being consumed, Fischer-Tropsch (F-T) synthesis 
becomes an important route for the production of fuels and chemicals. F-T synthesis 
involves the conversion of carbon monoxide and hydrogen to higher molecular weight 
hydrocarbons. The first conversion of CO and H2 to methane was reported by Sabatier 
and Senderens in 1902 [43]. More than two decades later, Fischer and Tropsch described
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their catalyst development efforts, which included the synthesis of higher hydrocarbons 
over nickel- and cobalt-based catalysts [43].
Despite tremendous efforts devoted to this process in the last 70 years, the 
reaction mechanism of F-T synthesis remains uncertain. With extensive Density 
Functional Theory (DFT) studies on F-T reactions, Liu [44] obtained relative stabilities 
of many key intermediates and compared quantitatively several C/C coupling 
mechanisms that are likely to be involved [44]. The first step of the F-T synthesis is the 
CO and H2 dissociations, followed by hydrogenation process. Then the CHX species (x 
=0,1,2) couple with each other (C/C coupling) to form higher-weight hydrocarbons.
C + H  ► CH, CH + H    CH2, CH2 + H  ► CH3   2.5
During the last two decades, F-T synthesis, being the technology for conversion 
of natural gas to liquid and an attractive alternative for bringing static gas resources to 
market, has been re-visited by several corporations. Active research is pursued by Exxon­
Mobil, Rentech, and Syntroleum, and commercialized processes have been offered by 
Shell and Sasol. Among these companies and other research groups, extensive interest 
has been focused on finding a better catalyst to increase productivity, control 
hydrocarbon product distribution, and lengthen the catalyst life [45, 46]. Exxon’s AGC- 
21 process is the result of a $300 million R&D program that began in 1981 [47]. The 
centerpiece of this technology is a proprietary high-productivity process for hydrocarbon 
synthesis (HCS) in which Fischer-Tropsch technology has been used to convert H2 -  CO 
syn-gas to heavy hydrocarbons using a cobalt-based slurry. Exxon has spent more than a 
decade developing cobalt catalysts and slurry reactors. A 2:1 H2-CO synthesis gas feed
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for HCS is prepared by contacting methane with limited amounts of steam and oxygen in 
a catalyzed fluid-bed reactor. Another catalyst for F-T synthesis is iron. Iron-based 
catalysts presented by Linda, have demonstrated higher activity than other known iron F- 
T catalysts developed for maximizing production of high molecular weight hydrocarbons 
[48]. Their objectives were to demonstrate a repeatability of performance and preparation 
procedure of two high activity, high alpha iron F-T catalysts (100 Fe/5 Cu/ 6  K/24 Si0 2  
and 100 Fe/3 Cu/4 K/16 Si0 2 ) and to improve the catalyst performance through 
variations in process conditions, pretreatment procedures and/or modification in catalyst 
preparation steps. Catalyst calcination temperature is shown to be insignificant for both 
catalysts, and it was learned that catalyst activity and selectivity could be controlled to 
some extent through variations in the pretreatment conditions. The Texas A&M 
University (TAMU) group investigated the performance of catalysts in a small-scale 
reactor and explored the feasibility of producing catalysts on a large scale with catalyst 
manufacturers.
Water-gas shift activity is undesirable in Fischer-Tropsch (F-T) synthesis with 
hydrogen-rich synthesis gas, such as that derived from natural gas, purely on the basis of 
optimizing carbon efficiency [48]. The high carbon efficiency is of increasing 
environmental importance in minimizing the production of greenhouse gases. Production 
of synthesis gas is by far the most expensive step in FT fuel production, representing 
about twice the cost of its conversion to synthetic crude, and four times the cost of 
subsequent refining. It is well known that cobalt-based catalysts show lower water-gas 
shift activity than iron-based ones [48]. Barrault et al. have reported a Fischer-Tropsch
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catalyst comprising 9.4 wt.% Co on commercial CeC>2, prepared by impregnation of 
cobalt nitrate.
In this dissertation, combined catalysts of iron/cobalt supported by aluminum 
oxide for syn-gas reactions have been considered. The effect of different concentrations 
of iron and cobalt are presented.




When one studies a microreactor, it is important to understand fluid transport in 
microchannels. The study of fluid flows in micro-scaled channels has been an interesting 
research topic for nearly a century. However, most of the microflow studies were 
conducted using capillary tubes (Knudsen, 1909). The measurements were limited to 
global quantities, since no instrument with fine spatial resolution was available.
Progress in micromachining techniques has revived interest in studying 
microflows. Bulk micromachining technology can make channels with precise 
dimensions and implement measurement sensors along the channel.
The distinction among the various flow regimes can be obtained with the 
introduction of the Knudsen number Kn, defined as Kn = (A./d), where k  is the mean free 
path of the molecules and d is a characteristic flow dimension (across flow). In 
microchannels, depth is chosen as the characteristic flow dimension. Mean free path is 
defined as the average distance traveled by gas molecules between intermolecular 
collisions and can be calculated as
kT
y[2x(d ifP
Where k = Boltzmann’s constant, 1.381x1 O' 23 J/K;
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T = Gas temperature, Kelvin; 
di = Gas molecule diameter, meters;
P = Gas partial pressure, Pa;
A typical value of mean free path for air in ambient conditions is X * 10' 7 m. The 
classification of type of gas flow by Schaaf and Chambre [49] is listed in Table 3.1.
Table 3.1 Classification of the type of gas flow by Knudsen number
Knudsen Number Range Flow Type
Kn < 0.01 Continuum flow
0.01 <K n<0.1 Slip flow
0.1 <Kn < 3 Transitional flow
Kn >3 Free molecular flow
In channels with large dimensions, the Knudsen number (the ratio of molecular 
mean free path to channel height) is small, and the continuum assumption holds. It is well 
established that the pressure distribution is linear and velocity at the wall is zero. Liu and 
Tai studied pressure distribution in microchannels with a height of 1.2 pm, length of 3000 
pm, and width of 40 pm [50]. These microchannels were fabricated and integrated with 
pressure sensors using combined surface micromachining and bulk micromachining. 
Pressure distribution measurements have been carried out using both nitrogen and helium 
as the working fluids. It is found that the pressure distribution is nonlinear inside a 
microchannel that has a uniform cross-sectional area. For the microchannel specified 
above with nitrogen as a working gas, the Knudsen number is about 0.01. The Knudsen 
number was increased by one order o f magnitude when helium was used. The non- 
linearity of pressure is much more pronounced for the case for helium than is the case for
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nitrogen. Hence, it is concluded that the non-linear pressure drop distribution is due to the 
transition from the continuum region to slip flow region.
Arkillic and Breuer studied the flow and pressure distribution of gases in 
microchannels in 1994 [51]. The channel was fabricated on a silicon wafer using standard 
photolithography techniques, resulting in 1.33 pm depth, 52 pm width and 7500 pm 
lenth. The helium mass flow rate through microchannels was measured for inlet pressures 
ranging from 1.2 to 2.5 atmospheres with outlet pressures at atmosphere. The Knudsen 
number at the channel outlet condition in their experiment is 0.165. They compared 
experimental results with the prediction from the Navier-Stokes equations and found the 
non-slip solution of Navier-Stokes equation failed to model the mass flow-pressure 
relationship. Arkillic and Breuer developed an accurate model by including a slip-flow 
boundary condition at the wall. The model predicts an increase in the mass flow, and they 
suggested that the mass increase is caused by the friction decrease. Their experiments 
also presented a non-linear pressure distribution along the length of the channel.
Surface Catalyst Kinetics 
Catalysis is a kinetic phenomenon, and the efficiency of catalyst is determined by 
various factors, such as fabrication method, preparation condition, materials used, etc. 
The catalytic reaction turnover frequency, f, is defined as the number of product 
molecules formed per second. Its inverse, 1/f, yields the turnover time, the time necessary 
to form a product molecule. By dividing the turnover frequency by the catalyst surface 
area, a, the specific turnover rate is obtained,
Rs= (f/a )  3.2
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The specific turnover rate gives us the number of molecules produced per site per 
unit time (molecules/cm2/sec). This type of analysis assumes that every surface site is 
active. Although the number of catalytically active sites could be much smaller (usually 
uncertain) than the total number of available surface sites, the specific rate defined by this 
way result in a conservative lower limit of the catalytic turnover rate. If R is multiplied by 
the total reaction time t ,  the turnover number, the number of product molecules formed 
per surface site, can be gained. A turnover number of one corresponds to a stoichiometric 
reaction. Because of the experimental uncertainties, the turnover number must be on the 
order of 1 0 2 or larger for the reaction to qualify as catalytic.
While the turnover number provides a figure of merit for the activity of the
catalyst sites, the reaction probability RP reveals the overall efficiency of the catalytic
process under the reaction conditions. The reaction probability is defined as
nT, _ rate of formation of product molecules 0  ,
rate of incidence of reactant molecules
RP can be readily obtained by dividing R by the rate of molecular incidence F. From
kinetic theory of gases [52], the flux F of molecules striking the surface of unit area at a
given ambient pressure P is
F (mole/cm2/sec) = P/(2ttMRT) 1/2 3.4
where M is the average molar weight of the gaseous pieces. T is the temperature, and R is
the gas constant. For air, at P = 4 x 10"4  Pa and M = 28 g/gmole and T = 300 K, we obtain
F«1015 molecules/cm2/sec. Thus, at this condition, 1015 molecules are striking one unit
catalyst surface area per second [52].
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Microfabrication
Advances in micro fabrication technology offer researchers new options in design 
and fabrication. The technology uses standard integrated-circuits manufacturing steps 
such as thin-film deposition, ion implantation, lithography, and etching to machine 
miniature mechanical devices with feature sizes in the micrometer scale or even less. It 
offers the ability to design reactors for other purposes such as chemical production [53]. 
Photolithography
Both micromachining and microelectronic fabrication start with lithography, the 
technique used to transfer copies of a master pattern onto the surface of a solid material, 
such as a silicon wafer [54], The sources can be optical, electron, x-ray, or ion radiation 
[55]. The most widely used form of lithography is photolithography. It comprises the 
formation of images with visible or ultraviolet radiation in a photoresist using contact, 
proximity, or projection printing.
Photoresists are of two types. A negative resist on exposure to light becomes less 
soluble in a developer solution, while a positive resist becomes more soluble. 
Commerical negative resists consist of two parts: a chemically inert polyisoprene rubber, 
which is the film-forming component, and a photoactive agent, which on exposure to 
light reacts with the rubber to form crosslinks between rubber molecules and make the 
rubber less soluble in an organic developer solvent. Positive resists have two 
components: a resin, which becomes more soluble in an aqueous developer solution after 
exposure to light, and a photoactive compound. In this study, we have used both positive 
and negative photoresists for different purposes.
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The stencil used to generate a desired pattern in resist-coated wafers is called a 
mask. A photomask, a nearly optically flat glass or quartz plate with a metal absorber 
pattern, is placed into direct contact with or very close to the photoresist coated surface, 
and the wafer is exposed to the ultraviolet radiation. The absorber pattern on the 
photomask is opaque to ultraviolet light, whereas glass or quartz is transparent. A light 
field or dark field image is then transferred to the semiconductor surface. This is the basic 
principle of photolithography.
Inductively Coupled Plasma fICPf Etching
Dry plasma etching, compared with wet etching, can offer many advantages in the 
fabrication of MEMS because of its anisotropic etching behavior, high etch rate, and its 
compatibility with traditional IC processing [36]. The basis of plasma-assisted etching is 
to use a glow discharge to produce chemically reactive and ionic species and which react 
with the wafer to form volatile products.
Inductively Coupled Plasma (ICP) is widely used for etching materials for 
integrated circuit fabrication and micromachining applications [57-59]. The basic process 
of ICP etching can be classified into two major steps. The first step is ion-assisted etching 
of silicon substrate by etching gas (SF6) and the second is a sidewall passivation step to 
achieve a straight sidewall feature with polymeric gas (C4F8). After a few seconds, SF6 is 
pumped out of the chamber and C4F8 is pumped in. A thin Teflon-like passivation layer is 
deposited on the wafer, including the base and sidewalls of the previously etched hole. 
Then SF6  is pumped in again and the cycle is repeated. To obtain more anisotropic 
processes, it is necessary to etch at pressures lower than those currently used in
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corresponding Reactive Ion Etching. In order to obtain reasonable etch rates, the plasma 
densities at these pressures have to be increased.
A patented high density inductively coupled RFIC plasma source with 
independent source power and substrate bias control has been developed by Alcatel for 
deep etching of silicon. With the optimization of hardware and process parameters in a 
Fluorine based chemistry, processes with silicon etch rate up to 6  pm/min, Si:Photoresist 
selectivity of more than 100:1, etch depths of greater than 500 pm have been 
demonstrated. The periodic change of different gases for etching (SF6) and passivation 
(C4F8) can lead to very high aspect ratios and very high etch rates [60].
Sputtering Deposition 
Sputtering is preferred over evaporation in many applications due to a wider 
choice of materials to work with, better step coverage, and better adhesion to the 
substrate. Actually, sputtering is employed in laboratories and production settings, 
whereas evaporation mainly remains a laboratory technique.
Plasmas are generated by supplying energy to a neutral gas, causing the formation 
of charge carriers [61-63]. Electrons and ions are produced in the gas phase when 
electrons or photons with sufficient energy collide with the neutral atoms and molecules 
in the feed gas. The most widely used method for plasma generation utilizes the electrical 
breakdown of a neutral gas in the presence of an external electric field. Charge carriers 
accelerated in the electric field couple their energy into the plasma via collisions with 
other particles. Electrons retain most of their energy in elastic collisions with atoms and 
molecules because of their small mass and transfer their energy primarily in inelastic
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collisions. Discharges are classified as dc discharges, ac discharges, or pulsed discharges 
on the basis of the temporal behavior of the sustaining electric field. The spatial and 
temporal characteristics of plasma depend to a large degree on the particular application 
for which the plasma will be used.
During sputtering, the target at a high negative potential is bombarded with 
positive argon ions. The target material is sputtered away mainly as neutral atoms by 
momentum transfer and ejected surface atoms are deposited onto the substrate placed on 
the anode. During ion bombardment, the source is not heated to high temperature and the 
vapor pressure o f the source is not a consideration as in the case of vacuum-evaporation. 
The amount of material, W, sputtered from the cathode, is inversely proportional to the 
gas pressure, Pt, and the anode-cathode distance, D:
3.5
PtD
with V being the working voltage, i the discharge current, and k a proportionality 
constant. Other energetic particles such as secondary electrons, secondary ions and 
photons, and X-rays are created at the target and can be incorporated in the growing film 
and/or influence its properties through heating, radiation, or chemical reactions. The 
sputter yield, S, stands for the number of atoms removed per incident ion and is a 
function of the bombarding species, the ion energy of the bombarding species, the target 
materials, the incident angle of the bombarding species, and its electronic charge. 
Deposition rate is roughly proportional to yield for a given plasma energy [54].
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Sol-eel Method and Ion Impregnation
The sol-gel technique is a widespread method of synthesizing materials and 
depositing them in the form of thin, homogeneous films. Accordingly, it has gained 
importance with respect to scientific and application purposes. Based on the chemistry of 
the synthesis, a large variety of materials, e.g. oxide semiconductors, glasses and even 
superconducting films can be obtained [64-67].
In this process, an inorganic or organic molecular precursor M(OR)n, a sol, is used 
as starting material, where M is a metal and (OR) an organic compound, respectively. A 
macromolecular oxide network is then obtained in a moist environment through 
hydrolysis and polycondensation, which transforms the precursor into a highly viscous 
(gel-like) hydrated metal oxide (MOx). In a final heat treatment at typically 100-300 °C 
the coating is then dried in an oven to complete hydrolysis and condensation. In principle 
the sol-gel reaction can be written as
M(OR)„ + (n/2)H20  — ► MOn/2 + nROH 3.6
The hydrolysis of metal oxides is accelerated by the presence of an acid or base 
catalyst. The parameters that affect the sol preparation are either the relative amount of 
acid or base, water and alkoxide, and temperature. During the aging of the sol, the 
polycondensation process proceeds by leading to cross-linking and the formation of 
polymers.
In regard to silicon alkoxide precursors (such as the tetraethoxysilane Si(OEt) 4 or 
TEOS), the chemical conditions are generally chosen in such a way that nearly complete 
hydrolysis occurs in a few minutes. This allows one to realize separately the condensation
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with the formation of siloxane bridges [=Si-0-Si=] between the hydrolyzed species [=Si- 
OH] [64,68,69].
For aluminum oxide, the same principle holds. But it is more difficult to apply on 
the surface of microreactor because the adhesion between aluminum oxide and silicon is 
lower than that between silicon oxide and silicon.
The basic advantage of the sol-gel process is its ability to form inorganic 
structures (semiconductors, ceramics and glasses) at relatively low temperatures. 
Furthermore, the process being very similar to conventional coating techniques such as 
dip-, spin- or spray coating does not require any vacuum steps, and is therefore a cost- 
effective way to produce thin homogeneous inorganic films on large scales [70].
Sol-gel method can be used to deposit catalyst support (SiCh and AI2O3) in the 
microreactor because the pore structure of catalyst support can increase surface area of 
microreactor, making more interfaces between reactants to produce more products each 
unit time.
For catalyst coating, we have used two methods: physical method, which includes 
sputtering deposition, and chemical method, which includes sol-gel method and ion 
impregnation. Metal oxide organics can be dissolved in an organic solvent. Then the 
solution can be impregnated into microreactor channels. A reduction of metal is the 
following step to yield a pure metal catalyst. In this study, platinum, iron and cobalt were 
used as catalysts.
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Anodic Bonding
The bonding technique of two wafers is a very important technology in the 
packaging and design of microstructures [71,72]. Protection of the device from the 
atmosphere is one of the greatest problems for durability and performance [72,73]. In 
particular, the anodic bonding method has attracted interest in microsensors and 
microdevices with many advantages, such as solid-state bonding, a bonding process 
without the requirement of either a post- heat-treatment at high temperature [74] or 
hydrophilic cleaning [75] which can bring degradation of device lifetime [76]. The 
method was invented by Wallis and Pomerantz in 1969 [77]. It has been concentrated on 
silicon-to-silicon bonding since the anodic bonding method using a sputtered Pyrex glass 
layer was invented later by Brooks and Donovan in 1972 [78, 79]. Anodic bonding can 
provide a strongly bonded, hermetic seal, which protects the devices from the 
atmosphere, in spite of the simple process involved.
Anodic bonding is typically performed between a sodium-baring glass wafer and 
a silicon wafer. At elevated temperatures, the mobility of the positive sodium ions present 
in the glass is fairly high and the presence of an electric field causes them to migrate to 
the negatively charged cathode at the back of the glass wafer. As the Na+ ions migrate 
towards the cathode, they leave behind a fixed charge in the glass, which creates a high 
electrostatic field with positive charge in the silicon. As a consequence, the surfaces of 
the contacted wafers are pulled together by the electrostatic force and the atomic bonds 
Si-O-Si are presumed to occur [80].
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The anodic bonding process can be carried out by 1) placing a glass (e.g., Pyrex 
7740) sheet on a bare or oxidized silicon wafer, 2) heating the assembly to 400 °C, and 3) 
holding the silicon at positive (anodic) potential relative to the glass (a power supply on 
the order of 1.2 kV is typically used).
To help minimize thermal stresses, one should use glasses with thermal expansion 
coefficients close to that of silicon, such as Coming 7740 (Pyrex™) and 7070; Schott 
8330 and 8329; and Iwaki 7570. A key point for anodic bonding is that while several 
references in the literature state that anodic bonding must be done in vacuum, this is not 
the case that we have observed (atmospheric bonding works well) [81].
Analysis Theory
Gas Sorption Theory
The tendency of all solid surfaces to attract surrounding gas molecules gives rise 
to a process called gas sorption. Monitoring the gas sorption process provides a wealth of 
useful information about the characteristics of solids. Before performing gas sorption 
experiments, solid surfaces must be freed from contaminants such as water and oils. 
Surface cleaning (degassing) is most often carried out by placing a sample of the solid in 
a glass cell and heating it under a vacuum. Once clean, the sample is brought to a 
constant temperature by means of an external bath. Then, small amounts o f a gas (the 
absorbate) are admitted in steps into the evacuated sample chamber. Absorbate molecules 
quickly find their way to the surface of every pore in the solid (the adsorbent). These 
molecules can either bounce off or stick to the surface. Gas molecules that stick to the 
surface are said to be adsorbed. The strength with which adsorbed molecules interact with
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the surface determines if the adsorption process is considered physical (weak) or 
chemical (strong) in nature [89].
The Brunauer-Emmett-Teller method [1] is the most widely used procedure for 
the determination of the surface area of solid materials and involves the BET equation 3.7 
[91].
1 1 3.7
W ((P o /P )-l)  WmC WmC Po 
W is the weight of gas adsorbed at a relative pressure P/Po and Wm is the weight of 
adsorbate constituting a monolayer o f surface coverage. The term C, the BET constant, 
is related to the energy of adsorption in the first adsorbed layer and consequently, its 
value is an indication of the magnitude of the adsorbent/adsorbate interactions [91].
Multipoint BET Method. The BET equation 3.7 requires a linear plot of 
l/[W (Po/P)-l] vs P/Po which for most solids, using nitrogen as the adsorbate, is restricted 
to a limited region of the adsorption isotherm, usually in the P/Po range of 0.05 to 0.35. 
This linear region is shifted to lower relative pressures for microporous materials. The 
standard multipoint BET procedure requires a minimum of three points in the appropriate 
relative pressure range. The weight of a monolayer of adsorbate Wm can then be 
obtained from the slope s and intercept I of the BET plot. From equation 3.7:
3.8
WmC
i = ——  3.9
WmC
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Thus, the weight of a monolayer Wm can be obtained by combining equations 3.8 and 
3.9.
W m = —  3.10
s + i
According to knowledge of the molecular cross-sectional area Acs of the adsorbate
molecule, the total surface area St of the sample can be expressed as:
WmNAcs 3 n
M
The specific surface area S of the solid can be calculated from the total surface area St 
and the sample weight w.
S = S ,/w  3.12
Single Point BET Method. For nitrogen, the C value is usually sufficiently large 
to warrant the assumption that the intercept in the BET equation is zero. Thus, the BET 
equation 3.7 reduces to
Wm = JF(1-P/P0) 3.13
By measuring the amount of nitrogen adsorbed at one relative pressure (preferably near





The Scanning Electron Microscope (SEM) is a metrology tool used to visually 
inspect devices [82]. In contrast to optical microscopy, a SEM employs an electron beam,
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while the optical microscope uses natural light. Though the SEM is restricted in operation 
and application due to its illuminating beam (electron beam) and its operating medium 
(vacuum), it is still widely used for conductive materials or semiconductors because of its 
ease of operation and its ability to give high-resolution images of small objects [83]. A 
SEM can produce clear images of specimens ranging from objects visible to the naked 
eye to structures as small as several nanometers. Furthermore, since image contrast is 
varied according to the shape or composition of the specimen and there are fewer 
restrictions on specimen size and type, and specimen preparation is simple.
X-rav Photoelectron Spectroscopy
The surface of a solid in contact with a liquid or gaseous phase usually differs 
substantially from the interior of the solid both in chemical composition and physical 
properties. Characterization of the surface of a catalyst is often of vital importance in the 
heterogeneous catalysis.
One of the popular methods for characterizing surfaces is X-ray Photoelectron 
Spectroscopy. XPS operates on the principle of introducing monoenergetic soft x-rays or 
photons to a substrate [8 6 ]. When the energy is introduced, some electrons are released 
[84, 52]. These electrons have an energy, when released, that is the difference between 
the kinetic energy and the energy of the incident beam, referred to as the binding energy. 
The chemical environment of an atom being excited in this way changes the electron’s 
characteristic energy by causing the valence electrons to redistribute. The generated 
equation that relates the photon energy to the binding energy is shown in Equation 3.15,
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where KE is the kinetic energy of the emitted electron, hv is the energy of the photon, BE 
is the binding energy, and fa is the work function of the spectrometer.
KE = h v - B E - fc  3.15
The XPS yields the material’s composition as well as an approximate thickness of 
the catalyst deposited [87] to observe the depth profiles of catalysts. The sensitivity of the 
XPS to the surface increases as the angle is increased by tilting the substrate with respect 
to the electron collector. The Equation used for determining the analysis depth, d, is
d=Xs i n O  3.16
where X is the inelastic mean free path, and 6  is the take-off angle of the analyzed 
electrons [8 8 ]. This X is read from the universal inelastic mean free path curve at the 
point corresponding to the kinetic energy of the catalyst.
Energy Dispersive X-Rav
Energy Dispersive X-Ray (EDX) is reliable, tolerant of high count rates, and can 
perform a qualitative analysis of a sample. The basic principle of Energy Dispersive X- 
Ray (EDX) is that, when x-ray photons are captured by the detection crystal, they create 
electron-hole pairs. These electron-hole pairs are formed as charge pulses by the applied 
bias and further converted to voltage pulses by a charge-to-voltage converter 
(preamplifier). The signals are further amplified and shaped by a linear amplifier and 
finally passed to a computer x-ray analyzer (CXA), where the data are displayed as a 
histogram of intensity by voltage. The key to understanding an energy-dispersive 
spectrometer (EDS) is to recognize that each voltage pulse is proportional to the energy 
of the incoming x-ray photon. The EDX analysis, in general, is nondestructive with
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regard to the specimen so that the same sample can be used for other studies. EDX uses 
low probe currents as its detectors are quite efficient under these conditions. Thus, EDX 
is useful for studies of thin films on surface and for studies of rough surfaces and 
powders.
Vibrating Sample Magnetometer (VSM)
A vibrating sample magnetometer (VSM) operates on Faraday's Law of 
Induction, with a changing magnetic field that produces an electric field. This electric 
field can be measured and can provide information about the change in magnetic field. 
The VSM is used to measure the magnetic behavior of magnetic materials. A VSM can 
be operated by first placing the sample in a constant magnetic field. If the sample is 
magnetic, this constant magnetic field will magnetize the sample by aligning the 
magnetic domains, or the individual magnetic spins, with the field. The stronger the 
constant field, the larger will be the magnetization. The magnetic dipole moment of the 
sample will create a magnetic field around the sample, sometimes called the magnetic 
stray field. As the sample moves up and down, this magnetic stray field changes as a 
function of time and can be sensed by a set of pick-up coils. The alternating magnetic 
field will cause an electric field in the pick-up coils according to Faraday's Law of 
Induction. This current will be proportional to the magnetization of the sample. The 
greater the magnetization, the greater is the induced current. The induction current is 
amplified by a transimpedance amplifier and a lock-in amplifier. The various 
components are connected to a computer interface. Using controlling and monitoring
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software, the system can determine how much the sample is magnetized and how its 
magnetization depends on the strength of the constant magnetic field [92].
Response Surface Methodology 
Response surface methodology developed by Box and Wilson in 1951 is to aid 
the improvement of manufacturing processes in the chemical industry. The main purpose 
is to optimize chemical reactions to obtain, for example, high yield and purity at low cost. 
This is accomplished through the use of sequential experimentation involving factors 
such as temperature, pressure, duration of reaction, and proportion of reactants. The 
same methodology can be used to model or optimize any response that is affected by the 
levels of one or more quantitative factors.
The general idea is as follows. The response is a quantitative continuous variable 
(e.g., yield, purity, cost), and the mean response is a smooth but unknown function of the 
treatment combinations, which is a surface in p  + 1 dimensions, and called the response 
surface. For example, Figure 3.1 shows a response surface for two factors A and B. The 
levels at which the observations were taken are marked on the plot.
The levels of A are denoted by values of x\  or jca and the levels of B by values of 
X2 or x b - A treatment combination is denoted by x =(xi X2...xp) or by x =(xA x b ...x p) and 
the mean response at x by rix = E[KX]. The general response surface model is of the form
T*=rix+ e x 3.17
Where e x is a random error variable.
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Figure 3.1 Hypothetical response surface for two factors [93]
The objective of obtaining a response surface is twofold:
(i) to locate a feasible treatment combination x for which the mean response is
maximized (or minimized, or equal to a specific target value); and
(ii) to estimate the response surface in the vicinity of this good location or region,
in order to better understand the “local” effects of the factors on the mean
response.
Before the peak of the response surface is reached, a small local experiment is 
conducted to assess the local terrain. If the local experiment is not in the vicinity of the 
peak, then a first-order regression model often provides an adequate approximation to the 
local response surface. For p  factors, the standard first-order model is a first-order 
polynomial regression model:
Y%,\-fk + fi\*\+ ••• + fipXp+ €*,t, 3.18
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Where Yx, t denotes the rth observation at treatment combination x = (xi.. .xp), and the 
error variables e x, t are assumed to be independent with N (0, o2) distributions. The 
parameter /?, is a measure of the local linear effect of the ith factor (/ =1,.
The standard first-order designs consist of «/ “factorial points” and no “center 
points.” The factorial points consist of the treatment combinations of a 2P factorial 
experiment as a completely randomized design, or a 2p-s fractional factorial design of 
Resolution El or higher. The center points are observations collected at the center of the 
local region under study, that is, at zo = (0 0 ...0). These are needed to provide error 
degrees of freedom and to provide adequate power for a test of the model with lack of fit.
Second-order designs and analysis are used when the test for lack of fit of the 
first-order model indicates that the vicinity of the maximum (or minimum) of the 
response surface has been reached and a second-order model should be fitted.
Central Composite Designs (CCD) were first described by Box and Wilson in 
1951, and they are now the most popular second-order designs. Each design consists of a 
standard first-order design with n; orthogonal factorial points and no center points, 
augmented by na “axial points.”
Following the convention of coding the factor levels, the factorial points have 
coded levels ±1 for each factor. However, it should be noted that some software 
packages will recode the levels in a central composite design before doing the analysis. 
Under this convention, axial points are points located at a specified distance a  from the 
design center in each direction on each axis defined by the coded factor levels. On the zr 
axis, for example, two axial points are obtained by setting z< = ±a, with zj=0 for all j  *  i.
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Thus, if there are p factors, there are 2p distinct axial points. Axial points are also 
commonly referred to as star points. Figure 3.2 shows central composite designs for p  = 
2 and p  = 3 factors.
Figure 3.2 Central composite designs for/? = 2 andp -  3 factors [93]
A CCD is easily built up from a standard first-order design by the addition of 
axial points, and possibly some extra factorial and center points. If the factorial portion 
of the design is a complete factorial or a fractional factorial of resolution V or more, all 
model parameters can be estimated. Otherwise, some aliasing will occur, and some terms 
will need to be omitted from the second-order model. A design should include enough 
replication, often at the center points, to allow for a test for model lack of fit. The axial 
points are located at a distance a  from the center of the design, where the choice of a  
depends on the properties required of the design. A popular choice is a  = (w/)l/4 [93].
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CHAPTER IV
MATERIALS AND METHODS 
Microfabrication
Photolithography
In this study, lithography technology was used for microreactor microfabrication 
and catalyst selective deposition. The photoresists were the materials used to transfer the 
reactor patterns from the mask to the substrate. Two types of photoresists were used: 
positive photo resist and negative photoresist. Positive photoresist, MICROPOSIT S- 
1813 photoresist from Shipley Company, was for fabrication of the microreactor front­
side. It is a combination of l-methoxy-2-propyl acetate [108-65-5], mixed cresol 
novolak resin, fluoroaliphatic polymer esters, and diazo photoactive compound. The 
exposure of this type of photoresist is g-line, the resolution is < 65 pm, and the sensitivity 
is 150mJ/cm2. The developer Miroposit MF 319 can be psed to generate the pattern on 
the photoresist S-1813. MP Primer HMDS can improve the adhesion between the 
MICROPOSIT Shipley S-1813 and the silicon wafer [94].
For etching backside of the microreactor, AZ® EXP P4903 photoresist and AZ® 
9260 from Clariant were the materials used to transfer the microreactor’s pattern. The 
maximum thickness of AZ® EXP P4903 was around 10 pm. It consists of 1 -methoxy-2- 
propanol acetate [108-65-6], cresol-novolak resin [117520-84-0], and 
diazonaphthoquinonesulfonic esters [5610-94-6] [95]. The developer for this photoresist
39
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was AZ 400K 1:3 DI water. AZ® 9260 thick film photoresist is designed for the more 
demanding, higher-resolution thick resist requirements. It provides high-resolution with 
superior aspect ratios, as well as wide focus and exposure latitude and good sidewall 
profiles. AZ® 9260 photoresist is available for a film thickness up to 24 pm. Critical 
dimension resolutions range from < 1 pm lines and spaces at a film thickness of 4.6 pm, 
to 3.5 pm lines and spaces at a film thickness of 24 pm on silicon using today's standard 
broadband exposure tools. Aspect ratios of 5 - 7 can be achieved. The preferred developer 
is AZ® 400K Developer 1:4, a buffered developer designed to maximize bath life and 
process stability. Another negative photoresist, NR9-1500P from the Futurrex Company, 
was used for catalyst selective deposition in the microchannels of the reactor. It consists 
of cyclohexanone [108-94-1], resins, and sensitizers [95]. The developer RD6 from 
Futurrex Inc. can open channel areas for catalyst coating.
Inductively Coupled Plasma (ICP) Etching
Inductively Coupled Plasma (ICP) etching was the dry etching method for 
micromachining the reactor channels into the silicon wafer. At the Institute for 
Micromanufacturing (IfM) of Louisiana Tech University, an Alcatel 601E ICP etcher is 
used. (Figure 4.1) The process technology underlying this machine is the so-called Bosch 
process. This process is currently widely used on inductively-coupled plasma equipment 
for the deep reactive ion etching (RIE) technology in silicon micromachining. Alcatel’s 
deep plasma etch technology is designed to deliver superior process performance and 
maximum process and was flexible to meet the needs of a broad range of deep silicon 
etch applications. Applications in MEMS and microsystems fabrication include: high
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aspect ratios, etch depths of as great as 500 pm, etching through-the-wafer, etching into a 
buried cavity in the wafer, or etching onto buried oxide. The deep etch process uses a 
patented high-density inductively-coupled plasma (ICP) source and a fluorine based non- 
corrosive etch chemistry. The process chamber is fitted with permanent magnets on the 
chamber walls, giving excellent etch uniformity across a wafer (< ± 5%). Wafer sizes can 
be 100 mm, 125 mm, 150 mm, or 200mm. Si etch rates of up to 10 pm/min can be 
achieved. Selectivity of Si to SiC>2 of up to 1000:1 and Si to resist of up to 100:1 can be 
achieved. High-precision vertical profiles can be controlled by sidewall passivation.
Figure 4.1 Inductively Coupled Plasma ICP Etcher (Alcatel 
System A 60IE) at IfM, Louisiana Tech University
Sputtering Deposition
Deposition of conducting and insulating thin-films can be realized by using DC or 
RF plasma. For this research, sputtering deposition was the method for uniform catalyst
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coating inside the microchannels of the microreactors. IfM in Louisiana Tech University 
owns a PVD-300 system. (Figure 4.2)
Figure 4.2 PVD-300 system for sputtering deposition 
at IfM , Louisiana Tech University.
The system currently has three DC power supplies and a single RF power supply. 
The amount of time required to perform a deposition is not a linear function of the film’s 
deposition rate. For example, it takes much longer than 10 minutes to deposit a 1 pm film 
if  the deposition rate is 100 nm/min. The maximum film thickness, which should be 
deposited via sputtering, is material- and process-dependent. However, maximum
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thickness should not exceed 1 pm for precious metals (Au, Pt, & Pd), or 5 pm for other 
materials. It is not possible to use a single power supply to simultaneously power both a 
magnetron and the substrate. The PVD-300 system incorporates a new approach to thin 
film deposition that results in an unprecedented combination of efficiency, versatility, 
and high-performance. The approach is based on the premise that if  one has complete 
knowledge of the amplitude and shape of a source distribution, as well as full control of a 
mobile substrate fixture capable of placing any point on the substrate at any position in 
the Source Distribution for any prescribed period of time, then it is possible to predict and 
implement source-substrate motion scenarios that produce extremely uniform deposition 
onto substrates of any specified size, irrespective of the size of the source. In particular, 
the PVD-300 is capable of routinely and reproducibly depositing extremely uniform 
(>99%) and homogeneous single- or multi- layer films of metal, alloys, and insulators 
onto substrates up to 8 inches in diameter, using a variety of small, high-performance 
sources. Resistive substrate can be heated over the range of 300-700 °C during 
deposition. The sputtering etching for cleaning the substrate prior deposition is available 
in this PVD-300 system [96].
Chemicals for Sol-Gel Coating and Ion 
Impregnation of Catalysts
In this study, platinum, iron, and cobalt were the catalysts fabricated by the sol- 
gel method and ion impregnation. Silica and alumina were the catalyst supports for 
increasing the surface area of the catalysts. Platinum was used for 
dehydrogenation/hydrogenation of cyclohexene and preferential oxidation for CO in fuel 
cell. Silica and alumina were the supports for Pt. Iron and cobalt were for Fischer-
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Tropsch (F-T) synthesis. Alumina was the support for Fe and Co. Table 4.1 shows the 
chemicals of sol-gel precursors and ion impregnation precursors.
Table 4.1 Chemicals for sol-gel and ion impregnation of catalysts
Precursors
Catalysts Platinum Platinum (II) 2,4 Pentanedionate (Pt (CsHyt^)
Iron Ferric nitrate
Cobalt Cobalt nitrate
Supports Silica tetraethoxysilane (SKCK^Hs),*) (TEOS)
Alumina Aluminum Iso-propoxide (Al(OC3H7)3), 
Aluminum tri-sec-butoxide ([C2HsCH(CH3)0]3A1)
Analytical Methods for Characterization of 
Catalysts
Amrav 1830 SEM
The SEM is a metrology tool used to visually inspect devices, and was chosen for 
studying microreactor and catalyst structures because of its ease in operation and its 
ability to give high-resolution images of small objects [82]. The instrument 1830 SEM, 
acquired from Amray, is an electron gun type SEM with a tungsten filament (Figure 4.3).
The filament emits electrons that excite the surface atoms. These atoms are 
collected by the detector, and finally a video amplifier turns the signal into an image [98]. 
The 1800 Series SEMs were among the first automatic imaging SEMs which included 
digital image storage and processing system as standard equipment. This new 
development incorporates image storage, integration, and signal-to-noise ratio 
processing, as well as real time presentation of the image on a TV rate monitor. In 
addition, microcomputers control several automated functions designed to relieve the 
casual user from acquiring high technical skills. These automated functions, such as
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focusing, stigmating, video contrast and brightness control, electron gun filament, and 
heat and emission control, may also be operated in the traditional manual modes [99].
Figure 4.3 Amray 1830 SEM at IfM, Louisiana Tech 
University
The Physical Electronics 5800 Multi- 
Technique System
XPS was employed to chemically analyze the material deposited by the sol-gel 
method and ion impregnation. The Physical Electronics 5800 MultiTechnique System 
was used at IfM of Louisiana Tech University. These automated surface analysis 
instruments can be easily operated (Figure 4.4). MultiTechnique Systems allow for the 
combination of any o f these surface analysis techniques: X-ray Photoelectron 
Spectroscopy (XPS) [also known as Electron Spectrometry for Chemical Analysis 
(ESCA)], Ion Scattering Spectroscopy (ISS), Auger Electron Spectroscopy (AES), 
Scanning Auger Microscopy (SAM), and Secondary Ion Mass Spectrometry (SIMS). A
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monochromatic source can also be added to enhance the energy resolution of the system. 
The 5800 has a new vacuum chamber layout to accommodate a new ion gun and electron 
neutralizer. The new Model 06-350 ion gun was optimized for sputter depth profiling and 
provided a capability of showering samples with low energy (5eV) ions to facilitate 
charge neutralization.
Figure 4.4 The Physical Electronics 5800 MultiTechnique 
System at IfM, Louisiana Tech University
Ouantachrome NOVA 2000
One of the differences between sputtered catalysts and sol-gel coated catalysts is 
the increased surface area in sol-gel coated catalysts. In this study, a Quantachrome 
NOVA 2000 instrument was utilized for measuring the surface area of the catalyst 
(Figure 4.5). NOVA 2000 has an automated, high speed surface area and pore size 
analyzers, and can be used to examine two samples simultaneously. It also has two
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
47
degassing stations. The degassing temperature reaches ambient -  450 °C, in 1 °C 
intervals with an accuracy of ± 5 °C. Either nitrogen flow or vacuum can be used for 
degassing. Analysis data can be printed out by connecting a printer with a built-in printer 
port or can be transferred to available Windows PC software. The surface area range that 
NOVA 2000 can measure is 0.01 -  >2,000 m2/g. The adsorption and desorption isotherm 
can be studied for pore diameter in the range of 3.5 -  2,000A, with minimum pore 
volume > 2.2 x 10*6 cc [100].
K C JVA ZtQ & i
Figure 4.5 Quantachrome apparatus Model: NOVA 
2000 for surface area measurement o f catalysts
Kevex LPX1 Super Drv Quantum Detector 
EDX system
To study the uniformity and elemental composition of sol-gel deposited micro- 
channel reactors, the Carl Zeiss DSM 942 SEM, equipped with the Kevex LPX1 Super
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Dry Quantum Detector EDX system was used at Grambling State University. An EDX 
system analyzes the x-rays emitted from a sample after it has been bombarded by an 
electron beam from the scanning electron microscope. Depending upon the material 
being analyzed, characteristic spectral peaks are observed which allow the identification 
of elements within the top 1% of the sample surface. This technique is essentially non­
destructive in nature and requires little preparation of the sample under examination.
880A Digital Measurement Systems (DMS1 
Vibrating Sample Magnetometer (VSM')
In this study, iron and cobalt were employed as catalysts for Fischer-Tropsch (F- 
T) synthesis. Both Fe and Co have magnetic properties. An 880A Digital Measurement 
Systems Vibrating Sample Magnetometer (VSM) at Grambling State University was used 
to determine the magnetization characteristics of the Fe/Co encapsulated AI2O 3 sol-gel 
micro-reactors. The DMS Vibrating Sample Magnetometer (VSM) is a computer- 
controlled measurement system capable of characterizing a wide variety of magnetic 
samples. Its reliability, user friendliness, and ability to measure both high and low 
coercivity materials make it the de-facto standard measurement system used by almost all 
hard disk manufacturers and magnetic recording research facilities. The high precision 
stepped field control used in conjunction with Digital Signal Averaging leads to increased 
accuracy of the measured graphs and measurement parameters. 
The DMS Vibrating Sample Magnetometer (VSM) benefits include proven reliability in 
the field, digital field control for high accuracy, new comprehensive control and analysis 
software (Easy VSM), rapid sample loading, automated complex test routines and data 
extraction, and no hardware change between heating and cooling.
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DMS offers a unique combination system including Torque and/or Magneto- 
Resistance (MR) options, which can be added to the VSM without increasing the system 
footprint and are less expensive than buying separate systems [101].
Methods for Microreaction Analysis
For quantitative analysis of the effluent of reactants and products in the outlet of 
the reaction system, a QMS 100 Series Gas Analyzer from Stanford Research Systems 
was employed to record continuous partial pressure data during the course of experiments 
while temperature and reactant flow rates were varied.
The QMS 100 series instruments are modem mass spectrometers designed for the 
analysis of light gases. The spectrometer operates at high vacuum, lOmbar. Not only the 
data are acquired continuously, the response is also fast. A change in composition at the 
inlet can be detected in less than 0.5 second. The system allows data to be collected 
quickly; a complete spectrum can be acquired in less than one minute and individual 
masses can be measured at rates up to 25 ms per point. The QMS consists of two 
subsystems: gas handling and the analyzer. The analyzer specializes in large dynamic 
range measurements of light gases. For users with specialized needs, the QMS can be 
controlled from user programs. This modem system allows many new applications in 
contrast to the traditional mass spectrometer that is too large and heavy [102].
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CHAPTER V
MICROREACTOR DESIGN, FABRICATION, 
CATALYST PREPARATION AND 
MICROREACTION SETUP
Microreactor Design and Fabrication
The microreactor used in this project was made from a four-inch in diameter, 500 
pm thick, double side polished, [110] silicon orientation wafer. The microreactor consists 
of a via (the holes through the wafer) to allow gas to flow into the reactor, inlets, outlets, 
and microchannels. The reactant gas flows through the via into the microreactor and into 
the inlet area. After entering the inlet, the species will mix in the manifold area and then 
flow into the microchannel, or reaction zone. Once the reaction is complete, the effluent 
of the microreactor will leave the reactor through another via. The effluent is sent to a 
mass spectrometer for analysis. Two types of micreactors have been used in this study: 
straight-line channel and wave channel. (Figure 5.1) For straight-line channel reactors, 
the dimension was 3 cm long and 1 cm wide, and for zigzag channel reactors, it was 3.1 
cm long and 1.6 cm wide. 5 pm and 100 pm wide microchannels were produced the for 
straight wall reactors. The wave channel microreactor was only produced in 5 pm width. 
The depth of all microreactors was 100 pm.
50
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Figure 5.1 Two types of microreactors 
The microreactor was fabricated using a lithography-based process and dry
etching method. The lithography process used to make the microreactor is much like the
one used in the integrated circuit (IC) industry [103]. Before fabrication, the microreactor
mask layout was designed. The masks were designed with flexibility as a major issue.
The major reactor parts were implemented on separate masks to allow the flexibility of
creating different types of microreactors. As a result, separate sets of masks were
designed: one set for the vias, one set for the inlets and outlets, and one set for the
reaction zone or channels itself. With this flexibility, many different reactor combinations
could be made with the same masks. For example, a reactor with 5 pm channel width and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
52
two or three inlets could be made just by using a different inlet/outlet mask. AutoCAD 
2000 software was used to draw the masks. The masks were produced on a glass plate 
covered with chromium. In addition, future masks can be easily integrated within this 
process, upgrading the reactor to meet new reaction needs.
The fabrication process for the reactor used in this project starts with a double­
side polished silicon wafer. It is shown in Figure 5.2.
1. The wafer was cleaned in baths of trichioroethane, acetone, and isopropyl alcohol 
for 10 minutes in each bath.
2. The wafer was prebaked at 165 °C for 90 seconds in a nitrogen environment 
while being clamped to the hotplate by means of a vacuum. The wafer was 
allowed to cool down for 5 minutes in a petri dish to prevent dust contamination.
3. After the wafer cooled down, hexamethydisiloxane (HMDS) was spun on to 
dehydrate the surface at 1500 rpm with 150 ipm/s for 40 seconds to improve the 
adhesion of the photoresist
4. Then Microposit 1813 positive photoresist was spun at 3000 rpm with 500 rpm/s, 
for 50 seconds, which creates a photoresist film with a thickness of 1-2 pm on the 
wafer.
5. The wafer was soft baked at 115 °C for 35 seconds. Shorter times and lower 
temperatures lead to a soft, wet photoresist film, which is not suitable for 
producing small patterns. Longer times and higher temperatures over-dry the film, 
causing non-uniformities in the film. Then, the inlet/outlet of the front side was
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aligned and exposed for 5, 8 , or 15 seconds at proximity of 20 pm. 8  seconds was 
found to be the best time for a large feature size. After exposure, the wafer was 
developed in Microposit MF 319 developer for 70 seconds and rinsed in DI water 
for 2 minutes. Times shorter than 70 seconds did not developed completely, while 
times longer than 70 seconds over-etched the photoresist.
6 . The vias o f the front side were aligned and exposed for 8  seconds at a proximity 
of 20 pm. Again, after the exposure, the wafer was developed in Microposit MF 
319 developer for 70 seconds and rinsed in DI water for 2 minutes.
7. As in the above two steps, the channel zone was aligned and exposed for 6  
seconds at a proximity of zero, and developed in Microposit MF 319 developer 
for 60 seconds and rinsed in DI water for 2 minutes. Here, proximity of zero 
means that the wafer and mask contacted each other to increase alignment 
resolution because of smaller feature size (5 pm or 100 pm channels). Shorter 
exposure time and development time avoided the over-exposure and over­
development.
8 . After patterning the front side of the wafer, the wafer was etched by Inductively 
coupled plasma etching (ICP etching). The equipment used for this study was an 
Alcatel 601E ICP etcher, as mentioned in the previous chapter. (Figure 5.3) First, 
the vacuum level of the reaction chamber has to be checked, which should remain 
below 2.6x10'3 mTorr. Then the flow rate and cycle time of SF6 and C4F8, plasma 
source power and processing duration were set. After that, the wafer was loaded
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in the reaction chamber and the run was started. This process transferred the 
pattern from the photoresist to the silicon wafer. At the etching rate of 5-7 pm per 
minutes for 20 min, the depth of the microreactor was around 100 pm. The 
periodic change of different gases for etching (SF6) and passivation (C4F8) can 
lead to very high aspect ratios and very high etch rates.
9. The etched wafer was cleaned by three steps: removing the photoresist residuals, 
rinsing with acetone and isopropyl alcohol and drying with room nitrogen.
10. One silicon wafer was used to bond with the ICP-etched wafer on the front side 
by AZ® EXP P4903 for backside patterning. This is because a vacuum held the 
wafer during the photoresist spin coating and ICP etching. Thicker photoresist 
was required for backside etching because the wafer should be etched through 
around 400 pm from the backside for microreaction flow into the microreactor, 
and ICP etching selectivity of Si to the photoresist was 100:1. The thickness of 
photoresist AZ® EXP P4903 is up to 10 pm, which is enough for backside etching 
of the microreactor. Thus, AZ® EXP P4903 was spread on the wafer for 20 sec at 
600 rpm, spun for 3 min at 3k rpm and soil baked 60 min at 90 °C.
11. Backside vias were aligned and exposed for 20 seconds at a proximity of 20 pm. 
Again, after the exposure, the wafer was post baked 60 min at 120 °C, developed 
in Microposit AZ 400K 1:3 DI water for 90 seconds, and rinsed in DI water for 2 
minutes.
12. ICP etching transferred via patterns from the photoresist to the backside of the
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wafer. During etching, AZ® EXP P4903 was buried and peeled off, which led to a 
bad pattern on the silicon wafer, especially in the feature size. Thus, the thicker 
photoresist, AZ® 9260 was selected.
13. For photoresist AZ® 9260, a 300 rpm dispense and a 2400 rpm spin for 60 
seconds was needed for a 10 pm thickness. Then the wafer needed to soft bake at 
110 °C for 165 seconds. After exposure, AZ 400K 1:4 developer was used to 
generate the pattern within 180 seconds.
14. ICP etched through the wafer to 400 pm. After that, the patterned wafer was 
separated from the support wafer in an acetone solution. Figure 5.4 shows the 
finished wafer.
15. Finally, the patterned wafer was sent to MPE Inc. for dicing. The microreactors 
were then ready for catalyst coating and microreaction testing.
Note, the aligner was an Electronic Visions Inc. EV420 and the spinner was from 
the Coat Effective Equipment Company. A microscope (OLYMPUS VANOX AHMT 3) 
was used to check the quality o f the pattern, and surface profiler (TENCOR Alpha-step 
500) was used for depth checking of channels.
a. Clean bare silicon wafer. b. Coat photoresist on the wafer.
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c. Expose and develop to make 
Inlet/outlet pattern on the 
photoresist.
e. Expose and develop to make 
channel pattern on the photoresist.
g. Remove photoresist and clean 
the wafer.
i. Coat photoresist on the 
backside of the patterned wafer.
d. Expose and develop to make 
vias pattern on the photoresist.
f. ICP etching to transfer pattern 
from photoresist to silicon wafer.
h. Bond the patterned wafer with 
other silicon wafer for backside 
etching.
j. Expose and develop to make 
backside via on photoresist.
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1. Separate patterned wafer from 
bare silicon wafer.
k. ICP etching through the 
patterned wafer
Figure 5.2 Micoreactor fabrication process. (Cross section of reactor)
Figure 5.3 Schematic view of Alcatel A 60 IE process 
module.
Figure 5.4 Microreactors on one wafer (left: 1 cm x3 cm in size, 
right: 1.6 cm x3.1 cm in size)
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Catalyst Preparation
The higher the active surface area of the catalyst, the greater the number of 
product molecules produced per unit of time. Therefore, much of the art and science of 
catalyst preparation deals with high-surface-area materials. As mentioned before, there 
are two types of catalyst preparation: physical methods and chemical methods. Catalysts 
were fabricated using both techniques to perform a comparison. For the physical method, 
sputtering deposition was used to coat platinum, cobalt, or iron into microreator channels, 
which included channel top, sidewall, and bottom. For the chemical method, the sol-gel 
method, ion impregnation, or a combined method of both was used. The reasons for 
choosing the chemical method is to increase the surface area of the catalyst and to lower 
cost, compared to the sputtering deposition. Both Si0 2  and AI2O 3 were prepared in such a 
way that they were crystalline with well-defined microstructures and behaved as active 
components of the catalyst system in spite of their accepted name, “supports”. Then, 
platinum was deposited on them, either by sputtering deposition or by impregnation. 
Solutions of iron and cobalt were mixed with the solution of AI2O 3 , and then applied 
them on the channels of the microreactor.
Sputtering deposition of Platinum. Iron and Cobalt
For sputtering deposition, a fixture had to be made for holding the microreactor 
stable on the substrate holder inside the chamber because the size and weight of the 
microreactor was too small. During the sputtering process, for a uniform thin film, the 
holder moves around the metal target and also rotates. Without the holder, the reactor 
would slide around, resulting in non-uniform film depoistion. Figure 5.5 shows the
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fixture. It consists of two aluminum plates and one transparent mask. The bottom plate 
has a bed for microreactor. There is a window on the mask for selective deposition of the 
catalyst. The channel region is coated with the catalysts because the edge side of the 
microreactor should be bare silicon for subsequent anodic bonding. The hole at the top 
plate provides alignment with the holes at the mask and the columns of the bottom plate.




Aluminum plate Transparency mask Aluminum plate
Figure 5.5 The fixture for microreactor sputtering deposition.
The sputtering deposition equipment, Uniform Technology-PVD-300 of IfM, was 
used. Figure 5.6 shows the microreactor held by the fixture in the sputtering chamber. 
The sputtering parameters for platinum, iron, and cobalt are listed in table 5.1. 
Thicknesses from 10 nm to 800 nm were studied for each catalyst. Thicker catalyst film 
was found be to not necessary for better microreaction results because only the surface of 
the catalyst was involved in the reaction. To minimize cost, platinum thicknesses of 50 
nm, ion thicknesses of 30 nm and cobalt thicknesses of 10 nm were used for different 
reactions studied. The deposition rate, power voltage, etc., were determined by 
calibration for each target material.
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Figure 5.6 Microreactor held by fixture 
in sputtering chamber.
Table 5.1 Sputtering deposition parameters for Pt, Fe and Co
Target materials Platinum Iron Cobalt
Power supply DC RF RF
Thickness of catalyst (nm) 50 30 1 0
Deposition rate (nm/min) 50 1 0 1 0
Deposition time (min) 5 34 8
Current/ Power 0.032 Amp 484 watts 48 watts
Voltage (volt) 134 878 132
Sol-gel Method and Ion Impregnation
In order to obtain high surface areas, a sol-gel method was used. The catalytic 
properties of metal-supported catalysts may be strongly affected by the surface properties 
of the carrier. These properties can be modified by changing the experimental conditions 
during the preparation of the catalyst and/or the support. Three sol-gel methods were used 
for the catalyst and support coating inside microreactor channels, dip coating, spin 
coating, and drop coating. (Figure 5.7)
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Dip coating Spin coating Drop coating
Figure 5.7 Three sol-gel deposition methods
Two preparation methods for the catalyst/support were used. For the platinum 
catalyst, we deposited the support and catalyst separately in a conventional way. The 
supports are silicon dioxide and aluminum oxide because both are common catalyst 
supports and have high surface areas. For iron and cobalt catalysts, the sol-gel solution 
was mixed the catalyst solution to apply inside the microreactor. The support was 
aluminum oxide.
Platinum/Support Coating. Most silica can be prepared from either 
tetraethoxysilane (Si(OC2Hs)4 ) or tetramethoxysilane ((Si(OCHj)4). tetraethoxysilane 
(Si(OC2Hs)4) was chosen as the precursor of silica because of its ease of preparation and 
compatibility to microfabrication. The silica sol-gel was prepared by mixing 
tetraethoxysilane (Si(OC2H5)4), water, ethanol (C2H5OH), and nitric acid in the molar 
ratio of 1:12:45:0.26 [103]. Water was added to the ethanol, then silica precursor was 
added, and subsequently, nitric acid was added. The resultant solution was then stirred at 
40 °C, with vigorous stirring for 30 min. The other recipe for preparing SiC>2 included 
tetraethoxysilane, water, ethanol, and HC1 in the molar ratio o f 1:10:7:0.1 [109]. An
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acidic environment was used instead of a basic environment because the surface area was 
expected to be approximately ten times higher with the former [104].
The basic principles involved in all of the methods for the synthesis of the 
alumina coating solution are the hydrolysis o f aluminum alkoxide to form its hydroxide, 
and the peptization and polymerization of an aluminum hydroxide to form an alumina. 
An alumina sol-gel was prepared using the molar ratio of aluminum iso-propoxide 
(Al(OC3H7)3), water, and acetic acid as 1 :1 0 0 :0 .2 . [105,106]. This recipe was from 
Yoldas’ paper, which discussed alumina synthesis using aluminum iso-propoxide, water, 
and an acid. It also discussed the effect of acid concentration on the formation of the sol. 
In order to allow for a good three-dimensional network to be formed, the previous 
method was modified by refluxing the resultant solution obtained after acid addition for 
13 hours and then cooling the sol-gel after reflux before coating the channels of the 
microreactor. The other way to prepare alumina was to synthesize copper oxide coated 
meso porous alumina granular particles by the sol-gel process [107]. So, the initial step in 
producing the Boehmite solution was modified to prepare the alumina sol-gel. The molar 
ratio of aluminum tri-sec-butoxide ([C2HsCH(CH3)0 ]3A1), water, and nitric acid was 
chosen as 1:100:4, which was determined based on a trial and error basis. Initially, water 
was heated to 80 °C. Then, aluminum tri-sec-butoxide was added through a syringe very 
slowly while stirring the water. Nitric acid was then added at this point. The solution was 
then briskly stirred for 45 minutes, maintaining a temperature of 80 °C. The temperature 
was then increased to 90 °C and the resultant solution was refluxed for 12-14 hours. At 
the end of the reflux, the resultant sol-gel was cooled and then used for coating.
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Lithography technology was used to coat the desired regions of the microreactor 
with the sol-gel. It is also called selective deposition.
The microreactor was bonded to a support wafer using negative photoresist, 
which was also used in the selective coating of the catalyst supports. (Figure 5.8) 
Following that, a bake of 115 °C for 3 minutes was required for good adhesion. Negative 
photoresist (NR1500-P) was chosen as the mask for the selective deposition because the 
unexposed channel part of negative photoresist can be completely removed by the 
developer, which minimizes residual photoresist. The photoresist was first spin-coated on 
the silicon wafer, and then it was exposed in a conventional UV photomask aligner 
(Electronic Visions, Inc.) for 120 second. After baking at 100 °C for 1 min. on a hotplate, 
the film was developed in RD6  developer for 20 second and dried with nitrogen gas. A 
window was thus opened on channel region of microreactor. The coating was applied by 
dispensing droplets of sol into the microchannels and allowing the sol to permeate by 
capillary action, thus forming the silica and the alumina films on the microreactors. A 
200 °C, 20-minute baking step in air was required to dry the sol-gel coating for good 
adhesion. Acetone was used to separate the microreactor from the support wafer before 
drop coating and after spin coating, as the wafer was still needed to hold the reactor on 
the spinner. (Figure 5.9)
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Figure 5.8 The microreactor bonded with wafer.
The aging of a catalyst is very important for a catalyst’s properties. Different 
aging times will affect the surface area of catalysts and microstructures. Aging times 
from two weeks to ten weeks were considered for silicon oxide and aluminum oxide. The 
sol-gel solution was converted to a gel when the aging time was longer than ten weeks.
Step 1: Cleaning the reactor. Step 2: Coating the photoresist.
Step 3: Exposing the photoresist. Step 4: Coating silica sol-gel.
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Step 5: Striping PR with acetone. Step 6: coating Platinum.
Figure 5.9 Selective deposition of sol-gel on the microreactor.
The effect of temperature during calcination is to promote dehydration by creating
more active sites by the loss of water and hydroxyl groups or overcoming activation 
barriers. Calcination was performed on the silicon wafers that were coated with the 
alumina and silica support. In this study, calcination was carried out in a furnace with a 
continuous flow of air from the atmosphere. The coated wafers were placed in small 
ceramic crucibles in a long quartz tube in the furnace. The temperature was increased 
slowly from 150 °C to 450 °C for 4 hours. Temperatures lower than 150 °C had no effect 
on calcination.
After catalyst support coating by the sol-gel method, platinum was deposited on 
the catalyst support in the form of Pt+ 2 by chemical deposition, known as ion 
impregnation. Platinum (II) 2,4 Pentanedionate (Pt (C ^ C ^ h )  was dissolved completely 
in a toluene solution with different concentrations. The solution was dropped into the 
channel area of the microreactor on a hotplate at 70 °C, using a required amount to get a 
metal loading of 100wt% or 50wt% (Pt/(catalyst support)) and continued baking at the 
same temperature for 12 hours. In order to convert the deposited Pt+2 to metallic Pt°, the 
reactor was subjected to reducing conditions (40% H2 in N2,0.2L/min) at 400 °C for 4.5 
hours in the furnace [108].
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Figure 10 shows the design of the Pt reduction setup. One important issue is that, 
before the 40% H2 could be used, nitrogen or inert gas is needed to replace the air in the 
furnace and tubes to separate oxygen from hydrogen because of the high temperature of 
operation. The process for the reduction of platinum is listed below.
1. Calculate the volume of the furnace (15.67 L) and the volume of all tubes (2.695 
L). The total volume is 55 L. Close VI, V2, and V6 , open V3, V4, V5, and V8 . 
Flow N2 at 4 SLPM for 14 min to remove air from the furnace and tubes.
2. Close V7, open V6 , and fill in H2 into the furnace at 4 SLPM for 14 min.
3. Heat the furnace to 450-600 °C at the same time. Then, change the flow rate to 
150 mL/min. Keep this flow rate and temperature around 4.5 hours for platinum 
reduction. These parameters were from the literature’s recipe [108]. But we 
observed that the Pt+2 was not completely reduced even after increasing the 
temperature from 450 °C to 600 °C. So we took a longer reduction time of up to 6  
hours, until the Pt+2 was finally reduced.
4. Stop heating after 6  hours and allow the system to cool down.
5. Close V6 , open V7, and fill in N2 in the furnace at 4 SLPM for 14min when the 
temperature reaches to 100 °C.
6 . Close V7, unload the samples.
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  Flow meter I1 1To hood
Bubbler
Figure 5.10 Setup for platinum reduction 
Iron/Cobalt/Aluminum Oxide Coating. For iron and cobalt coating, the support 
solution was mixed with the catalyst solution before applying it into the microchannels. 
This technique is known as wash-coating. Recipes from literatures were modified to 
make the catalyst/aluminum more flexible for microreactor coating [107]. Here, the 
aluminum precursor was A1 tri-sec-butoxide, which was as the same as that used for 
platinum support. But for a mixed catalyst with support, we modified the process for 
different catalyst coatings. A typical procedure is given below:
1. Take 25 ml of water in a beaker and heat it to 80 °C.
2. Slowly add 13 ml of A1 tri-sec-butoxide into the beaker using a syringe, while 
stirring continuously with a magnetic stirrer.
3. Add 3.75 ml 1 M HNO 3 into the solution slowly.
4. Heat the mixture for 30 min, until the temperature rises to about 90 °C.
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5. Reflux the contexts of the beaker for 12-16 hrs
6 . After refluxing, decrease the temperature to 60-70 °C.
7. Take 0.75 gm (6 % wt. loading of catalyst) or 1.5 gm (12%) cobalt nitrate salt and 
1 . 1  gm (6 %) or 2 . 2  gm ( 1 2 %) ferric nitrate salt into a small beaker and dissolve 
them separately.
8 . Slowly add the Fe/Co salt into the aluminum sol-gel while stirring continuously.
9. Apply the sol-gel catalyst into the microchannels of the reactor and dry it in hot 
air for a few minutes.
10. Wash the sample with 10% N H 4 OH solution for 15-20 minutes, followed by 
washing in hot water.
11. Dry the sample in a vacuum oven for 30 minutes at 60 °C.
12. Take out the sample and calcinate it in an oven at 400-450 °C for 2 hours.
13. Hydrogenate the sample in H2 flow for 4 hours at 350 °C.
Microreactor Packaging 
After microreactor fabrication and catalyst coating, the reactor should be packed 
with a cover on the top for testing catalyst activity and efficiency. To complete this, the 
Pyrex glass 7740, which was the same size as the microreactor and 500 pm in thickness, 
was assembled with the microreactor by anodic bonding. (Figure 5.11) The process of 
anodic bonding is
1. Clean the microreactor and the Pyrex glass with acetone, distilled water, and 
isopropyl alcohol.
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2. Place the microreactor into the bed of the bottom plate. Cover the microreactor 
with the glass. Put the top plate on the glass.
3. Hold them together and put into the furnace (Figure 5.12). Connect to the high 
power supply.
4. Heat the furnace to 450 °C and maintain for 45 minutes.
5. Apply the voltage to 750 volts and keep close to 0 amps for 45 minutes.
6 . Turn off the power of the furnace and power supply. Cool down the furnace to 
room temperature. Then take out the microreactor for pressure testing.
P voltage power supply
Figure 5.11 Anodic bonding profile
Figure 5.12 Anodic bonding setup at IfM, Louisiana Tech University.
Substrate
holder
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Figure 5.12 shows the anodic bonding setup for microreactor assembling. The left 
side is the furnace with a temperature controller for heating the microreactor and the 
Pyrex. The right side is a high power supply used to generate the electric field between 
the reactor and the glass for bonding.
Microreaction Setup 
While the reaction was conducted in the microreactor, additional peripheral 
equipment was needed for control of flow, temperature, and pressure, and for the 
acquisition of the product distribution of the effluent stream. (Figure 5.13) The reactor 
chip interfaces to a steel holding block fitted with o-ring sealed gas connections to the 
inlet and outlet openings on the bottom side of the chip. The block also has resistive 
heating elements and a thermocouple for temperature control. Gases are fed to the block
Figure 5.13 Microreaction setup at IfM, Louisiana Tech University.
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by mass flow controllers, and digital pressure sensors are situated in the inlet and outlet 
streams to monitor pressure drops. The experiments for a liquid reactant, such as 
cyclohexene, were carried out by bubbling a carrier gas, such as argon. The flow and 
reactor temperature settings were monitored and controlled by a PC running NI Lab View 
software.
The outlet stream for the experiments was exhausted at atmospheric pressure. 
Reactor effluent was monitored for composition using a Stanford Research Systems mass 
spectrometer with PC data acquisition and control. The effluent stream, which in these 
experiments varied between approximately 0 . 2  seem and 2  seem, was diluted with helium 
prior to the mass spectrometer sampling point in order to prevent the spectrometer’s 
pumping system from affecting the reactor operating pressure while also supplying an 
adequate sampling flow. Gas lines downstream of the bubbler were heated to a few 
degrees above room temperature to prevent condensation o f reactants or products.
The procedure for quantitative analysis of the effluent began by calibrating the 
mass spectrometer with ambient air as a standard for establishing the sensitivity to 
nitrogen.
Pure reactant and products were fed in the reactor in combination with nitrogen in 
order to determine their respective sensitivity factors. The calibrated mass spectrometer 
was then used to record continuous partial pressure data during the course of experiments 
where conditions of temperature and reactant flow rates were varied.
For cyclohexene conversion reactions, a carrier gas (argon) equilibrated the 
cyclohexene and was fed to the microreactor because of liquid cyclohexene. Pure H2 was
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the other gas used for this reaction to dehydrogenate/hydrogenate cyclohexene.
For Fischer-Tropsch reactions, pure hydrogen (from Nexair) and carbon 
monoxide (from Aldrich) were the reactants mixed together before being fed into the 
microreactor. The reaction was conducted with sputtered Fe and sol-gel coated Fe to 
compare the two catalyst deposition methods. A high conversion of carbon monoxide and 
high alkane was obtained.
For preferential oxidation of carbon monoxide, mixed gas was obtained from 
Nextair. The concentration of mixed gas was 70% hydrogen, 2% carbon monoxide, with 
the remaining concentration argon. The composition of carbon monoxide and hydrogen is 
representative of a commercial fuel cell feed gas. Pure oxygen or air (from Nextair) was 
used to oxidize carbon monoxide.





Fabrication of the chemical microreactor was achieved by employing standard 
microfabrication technology normally applied in the IC industry, as mentioned in the 
fabrication section. Two kinds of microreactors with different dimension and channel 
structures were fabricated (See Figure 6.1 and Figure 6.2). The first design is 1 cm x3 cm 
in size with 0.8 cm x 1.9 cm for the straight-line catalyst channel area. There are two 
widths of the microchannels: 5 pm and 100 pm with 799 and 39 channels respectively. 
The second design is 1.6 cm x3.1 cm in size, with 1.2 cm x 1.4 cm for the wave-line 
channel area for increasing the contact of the reactants with the microchannel walls. 599 
5 pm-wide channels were fabricated in this design. The inlet flow of the second design 
was split into two regions to enhance flow distribution throughout the reactor.
Figure 6.1 Two type microreactors (left: 1x3 cm in size, right: 1.6x3.1 cm in size)
73
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Figure 6.2 SEM pictures for two type microreactors.
The microreactors were etched by inductively coupled plasma (ICP), allowing 
high aspect ratios to be achieved. Feature scale pattern dependencies and wafer level 
loading affects the use of deep silicon etching. ICP has been widely embraced for MEMS 
processing due to its high etching selectivity, its ability to precisely transfer photoresist 
patterns into silicon substrates, and its cleanliness and compatibility with vacuum 
processing technologies. However, ICP etching has its own specific problems, which 
include “grass” formation, etching uniformity, mask selectivity, etc. Etching gas cycle 
time, bias power, and chamber pressure were the parameters adjusted to solve these 
unfavorable phenomena. The etched wafers were investigated by SEM (scanning electron 
microscope) and TENCOR profilometer to characterize the surface morphology and 
etching depth profile. The periodic change of different gases for etching (SFg) and 
passivation (C4F8) can lead to very high aspect ratios and very high etch rates. The cycle 
time of SF6 gas flow was increased from 4 seconds to 8  seconds. Figure 6.3 shows the 
effects of changing gas flow time in the ICP etcher. The surface morphologies of the
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wafer with respect to the increasing of SF6 gas flow time changed dramatically. A major 
problem during etching silicon was the forming of “grass” on the surface, a result of 
particulate material inadvertently deposited on the silicon surface. This material can
SFe: GtF8= 4sec:2sec
Figure 6.3 SEM photos with different SF6 gas flow time. 
(W. Shin, J. McDonald, S. Zhao, R. Besser)
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locally mask the silicon during etching and can be formed due to redeposition and 
growing of polymer material from the sidewall passivation step. By increasing the cycle 
time of SF6, the “grass” formation was markably decreased.
Bias power = 30 Watts
Bias power = 40 Watts
Bias power = 50 Watts
Figure 6.4 SEM photos with different bias power. (W. Shin, J. McDonald, S.Zhao,
R. Besser)
As the SF6 gas flow time increased, the sidewall at the base of the reactor channel 
assumed a slight retrograde profile. This was caused by thin sidewall polymer layers at
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the bottom part of channel. When the cycle time of SF6 gas was increased, lateral ion 
bombardment to the sidewall also increased. The passivated polymer layer was thinner at 
the base of channels than at the top of the channels. Thus, the etching profile of trenches 
could be broadened at the bottom. It is useful to achieve high etch rates, but this is often 
at the expense of sidewall broadening problems. Figure 6.4 shows the results of changing 
bias power in the ICP etcher. By increasing bias power, the grass formation was reduced 
and the overall etching rate was increased, but the etching uniformity over the wafer was 
not improved (Figure 6.5). Thus, increasing the bias power in an attempt to reduce the 
grass formation on the surface of the silicon wafer may have unfavorable side effects. In 
Table 1, the standard deviations of etching rate in the bias power of 40 Watts and 50 
Watts were 8.7% and 8.3%. These values are excessive, relative to the deviations of the 
best wafers.
Figure 6.5 shows the results of the etching profile with different SF6 cycle time 





















Different SF6 cycle time Different bias power
Figure 6.5 Etching profile with different SF6 cycle time and bias power settings. +  = via 
(1500 x 1500 pm2) □  = manifold (500 x 8000 pm2) (W. Shin, S. Zhao, R. Besser)
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etching uniformity are improved and also the etching rate is nearly independent of the 
feature size. Increasing bias power causes high average etching rate but does not 
contribute to improving etching uniformity to acceptable levels.
In Table 6.1, the etching characteristics in low chamber pressure show that the 
average etching rate is decreased but the etching uniformity over the wafer is improved. 
However, grass formation was not reduced at the low chamber pressure. Etching 
uniformity over the wafer was 2.4% at the SF6 cycle time of 8 seconds and the average 
etching rate was up to 5.9 pm/min at the SF6 cycle time of 8 seconds. By increasing the 
SF6 cycle time to 10 seconds, the overall etching rate reached to 6.4 pm/min, but the 
etching uniformity dropped to 3.5 %. The highest etching selectivity between the silicon 
and the photoresist was determined to be 167:1 and the aspect ratio was as high as 40:1.
Table 6.1 Etching characteristics with different ICP parameters. 
(W. Shin, S. Zhao, R. Besser)
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By increasing SF6 gas flow time in the ICP etcher, the etching uniformity over the 
wafer improved from 11.6% to 4.2% and the average etching rate increased from 4.13 pm 
to 5.90 pm. Increased bias power enhanced overall etching rate but the etching uniformity 
was not improved. The surface morphology of the silicon substrate was strongly affected 
by etching gas species and the gas flow sequence time. The formation of micro grass on 
the silicon surface could result from several factors. Etching gas sequence time, bias 
power, and chamber pressure can all greatly change the surface morphology of silicon 
surface. Grass formation was dramatically reduced by increasing SF6 gas flow time. As 
optimum conditions of the ICP etching for fabricating silicon micro-channel reactors, 
longer cycle time of SF6 gas flow, high bias power, and low chamber pressure are all 
recommended.
Characterization of Catalyst Deposited 
on the Channels of Microreactor
Catalysts are very important in the chemical process. The number of catalysts 
applied in industry is very large and catalysts come in many different forms, from 
heterogeneous catalysts in the form of porous solids, and homogeneous catalysts 
dissolved in the liquid reaction mixture, to biological catalysts in the form of enzymes. 
Because a heterogeneous catalytic reaction occurs at the fluid-solid interface, a large 
interfacial area can be helpful or even essential in attaining a significant reaction rate. 
Therefore, the properties of a catalyst surface are the critical issues for catalyst activity 
and efficiency during any specific reaction. For the reactions in microreactors, the 
catalyst should be compatible with the coating in the microchannels. In this study, 
Scanning Electron Microscopy (SEM), X-ray Photoelectron Spectroscopy (XPS), Atomic
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Force Microscopy (AFM), and the BET surface area method have been employed to 
characterize catalysts inside the microreactors. The catalysts include sputtered platinum, 
sputtered iron, sputtered cobalt, sputtered platinum on sol-gel coated Si0 2 , impregnated 
platinum on sol-gel coated Si02, or AI2O 3 , and a mixture of iron/cobalt encapsulated 
AI2O3 in sol-gel.
Scanning Electron Microscopy (SEM) Analysis
SEM analysis was performed on the coated channels to examine the catalyst 
support and to verify the thickness of the film. The following pictures show the SEM 
image of the coated catalyst support on 5 pm and 100 pm channels. Figure 6.6 depicts 
Si02 in 5 pm channels and 100 pm channels. In 5 pm wide channels, Si02 is present only
El
5 pm wide channel 100 pm wide channel
Figure 6.6 Silica inside 5 pm wide and 100 pm wide channels.
(S. Zhao and R. Besser)
to a small extent inside of the channels. But, in 100 pm channels, Si02 uniformly cover 
the channel walls. This suggests that the smaller channel is less compatible with sol-gel 
coating. Thus, the 100 pm channel microreactors were used for many of our reactions.
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Figure 6.7 Top view of silica on 5 pm channels 
When Figures 6.6 and 6.8 are compared, we find that the adhesion of alumina to
the silicon sidewall appears to be lower than that of silica. Portions of the alumina film
are peeled off from the surface of silicon channels. Therefore, the alumina preparation
recipe was modified.
Figure 6.8 Alumina on 100 pm channels
Figure 6.9 shows the particles o f alumina film in the microchannel. The size of 
particles is approximately 80 nm, which dramatically increases the surface area of
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catalysts compared to sputtered catalysts. This is indeed the reason for using the sol-gel 
method as the method of choice for catalyst support coating in the subsequent studies.
Figure 6.9 SEM picture o f alumina particles.
X-rav Photoelectron Spectroscopy (XPS) Analysis
X-Ray Photoelectron Spectroscopy (XPS) was used to identify the chemical state 
and atomic concentration of the elements present in the coating of the catalyst support 
[110], The ratio of Si:0 in the silica film prepared by the sol-gel method was determined 
to be 1:2 from the XPS results. As mentioned in the Chapter V, two recipes were used for 
silica preparation. Recipe A consists of TEOS with HNO 3, and Recipe B consists TEOS 
with HC1. From Table 6.2, one can see that Si:0 in Recipe A is close to 1:2 than that in 
Recipe B. Therefore, all the silica in this study was fabricated using Recipe A.










Recipe A 8.72 0.47 61.15 29.66
Recipe B 6.34 0.38 63.17 30.11
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Nilgun Ozer et al. have determined the binding energies of aluminum and oxygen 
in the alumina film, which was prepared using aluminum-sec-butoxide, isopropanol, 
acetylacetone, nitric acid, and water. The standard peaks are given in Table 6.3 [110].
Table 6.3 Standard binding energy peaks of the elements in alumina
Element Binding Energies
Al with oxygen 73.6 - 74.5
Oxygen with Al 20 3 529.8-531.8
Carbon with oxygen 286-288
The peaks of each element have shifted to the left by ~<5 eV. For example, in all 
of the XPS results, the C l’s peak is at around 291eV because of the contamination by 
some carbonate species. The shift of the peaks has been explained by Bhattacharya et al., 
who have found that the position of the carbon C l’s peak varies according to the 
substituent attached to the carbon atom. They have further determined that carbon 
becomes electronegative when it is attached to a more electropositive substituent such as 
metals making the carbon shift to a lower binding energy. If, however, the carbon is 






Fig 6.10 XPS peak shape of alumina during sputter depth profiling
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binding energy [111]. Also, upon interaction with the environment, the chemistry of the 
outermost layers of solids invariably becomes different [112]. Therefore, the ratio of the 
aluminum to oxygen in the samples is not equal to the stoichiometric ratio of 1:1.5. In 
this study, we find that the A1:0 of AI2O3 formed by the modified Yoldas method was 
found to be 1:1.242. Sputter etching for lOminutes was carried out to find out the 
composition of the alumina film starting from the surface and going deeper into the 
alumina film. Usually, there is a significant drop in the percentage of oxygen and 
aluminum as one etches deeper into the film. Also, the peak shifts towards the lower 
binding energy, indicating that the aluminum we found in the lower layers is bonded with 
oxygen rather than hydroxides. Before sputter etching, the Al peak was obtained at 
around 77.5 eV, but after ion sputter etching, the peak was obtained at around 74 eV 
(Figure 6.10), which is in accordance with the standard values and which also, as 
discussed by Ozer et al., implies that the composition of aluminum and oxygen after ion 
sputter etching should at least approach the stoichiometric coefficient [1 1 2 ].
After silica and alumina were deposited inside the microchannels, platinum was 
impregnated into the silica or alumina gel. A 2% wt. loading of platinum was first tried 
on the silica film. No gains were noted in the conversion of cyclohexene. The loading 
was increased further. The conversion of cyclohexene was detected at a catalyst loading 
of 50%. For the catalyst performance study, four different samples were studied in order 
to determine the effect of aging and the platinum ion concentration (Table 6.4).
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Table 6.4 Different sol-gel coated Pt conditions
Parameters A B C D
Sol gel solution aging 
time (weeks)
2 10 2 10
Pt concentration 
compared to Si02 (%)
50 50 100 100
In Figure 6.11, the four different concentrations of platinum solution with 
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Figure 6.11 XPS plot of Different samples of 
impregnated platinum on sol gel support.
higher Pt concentration are more instense than those of low concentrations and peaks of 
shorter aging time are taller than those of longer aging time. On the basis of these results, 
we chose to impregnate Pt+2 on the channels of the microreactor using the platinum 
solution, with 100% Pt loading without any aging. XPS studies also were done on the 
substrate coated with silica and impregnated with Pt+2 before reduction (when Pt was 
present in the form of Pt+2) and after reduction (when Pt is in Pt° state), to determine
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whether the reduction was accomplished or not. Figure 6.13 shows that the peak profile 
after reduction is similar to the standard peak profile. The peaks shift from 73.125 eV 
before reduction to 71eV after reduction. Compared to Figure 6.12, we can see the 
changing of platinum’s chemical state from Pt+2 in PtSi or Pt2Si to Pt°. The distance 
between the two peaks is 3.3 eV, which is in agreement with that reported in literature
Fgure 6.12 Binding energy shift in Pt [110]
M Before reduction 
—B— After reduction
Binding Energy
Figure 6.13 Comparison between the Pt° standard plot [110] and 
the experimental result (before and after reduction of Pt)
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[110]. Figure 6.14 shows the XPS depth profile of Pt that was sputter-etched for 60 
minutes in the XPS analyzer corresponding to a material removal depth of 1.2 pm. The 
concentration of platinum inside the silica was constant, which confirmed that silica 
made by the sol-gel method has the pore structure and high surface area and that catalysts 
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Figure 6.14 Sputtered XPS profile of Pt 
BET Surface Area Measurement
Surface area measurement plays a crucial role in choosing the best method for the 
preparation of catalyst supports. Surface area measurements of the substrates coated with 
alumina or silica were performed using a Quantachrome NOVA 2000 series instrument. 
Nitrogen was used as adsorbate in these measurements. The Brunauer-Emmett-Teller 
(BET) method was used to compute the surface area.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
88
For alumina, Table 6.5 shows the specific surface area (SSA) of alumina prepared 
by different methods. For example, for the modified Yoldas method, where alumina is 
produced from freshly prepared sols, the specific surface area is about 390 m2/g. After 
aging for 7 days, it was reduced to 331 m2/g. When it was calcinated at 450 °C for 3 
hours, the specific surface area dropped further down, to 273 m2/g. These results mean 
that longer aging time and calcinations will decrease the specific surface area. Having 
compared these three methods, we decided that the Wang et al. method was to be selected 
for supporting the catalysts during the reactions because it had the highest SSA after 
some long aging time and high temperature calcination. One must note that dip coating 
was the only application method employed for the alumina coating.
Table 6.5 Specific surface area for alumina coated by different procedures





surface area in 
m2/gm)
Wang et al 
method (specific 
surface area in 
m2/gm)
No aging 308.88 390.35 397.84
Aged for 7days 107.74 331.34 367.95
Calcination for 
3 hrs at 450 °C
205.67 273.13 279.67
For silica, dip coating, drop coating, and spin coating were used to apply the sol- 
gel into 5 pm and 100 pm channel micreactors with different aging times. Before silica 
coating, the surface area was 0.0031m2 for 5 pm channel microreactors and 0.0003 m2 for 
100 pm channel microreactors. After sol-gel coating of the silica, the surface area 
increased by a factor of 1,000-10,000. Table 6.6 shows that the reactors with dip coating
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Table 6.6 The surface area results of silica prepared by different coating techniques
channel 5 5 5 5 5 100 100 100 100 100
Coating
methods




6 10 10 6 10 10 6 10 6 10
BakeT 200 200 200 200 200 200 200 200 200 200
Bake
time



























3.50 4.13 6.67 6.67 7.43 5.07 1.16 2.95 4.40 5.95
have larger surface area than those with drop coating and spin coating. Moreover, longer
aging time yielded a higher surface area. Under similar conditions, the reactor with 5 pm 
channels has a higher surface area compared to that with 100 pm channels because there 
are more channels (799 channels in 5 pm reactor and 39 channels in 100 pm reactor). 
However, the increase of surface area from the 100 pm reactor to the 5 pm reactor is not 
proportional to the increase in the number of channels. One explanation is that the silica 
did not adequately cover the 5 pm channel microreactor, and blocked the channel from 
top, as shown in Figure 6.6 and 6.7. Therefore, a large difference of the surface area 
between the 5 pm and 100 pm microreactors is not observed. Performance of the two 
reactor widths was similar for the sol-gel supported catalysts.
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Mixed Catalyst Analysis with EDX and VSM
Previous results about the catalyst and its support characteristics were for a single 
catalyst, Pt. Platinum was employed here for cyclohexene conversion and preferential 
oxidation of CO. For the F-T synthesis reaction, alumina was used as a catalyst support, 
and mixed Fe/Co was the catalyst to yield higher alkanes [42,48]
The EDX spectrometer is equipped with a super quantum dry Si(Li) detector that 
has an elemental analysis capability in the wide range : from boron through uranium with 
better than 145 eV resolution. Figure 6.15 shows the X-ray spectrum of the sol-gel 
deposited micro-channel reactor surface.
Spectrum: FEC012M
T U C — hMHMS. !!■..« VS.MM
Figure 6.15 X-ray spectrum from EDX spectrometer for a sol-gel deposited 
micro-reactor. (S. Naidu, Grambling State University)
Table 6.7 shows the results of EDX elemental analysis for sol-gel coating. The 
intended composition of Fe and Co according to the solution mixture is 12% each for Fe 
and Co. The result shows that Fe and Co had a lower percentage of loading than 
expected. However, the percent composition of the catalyst was found to be uniform.
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Sol-gel coating 91.3 4.38 1.76 2.60 2.52 3.68 Uniform
The magnetization characteristics of the Co/Fe encapsulated AI2O3 sol-gel micro­
reactors were determined using the 880A Digital Measurement Systems Vibrating 
Sample Magnetometer (VSM).
Figure 6.16 shows a paramagnetic behavior mostly coming from the iron and 
cobalt oxides. During hydrogenation, the Fe and Co oxides are reduced to pure metals as 
evidenced by the ferromagnetic nature shown in Figure 6.17. Pure Fe and Co are 
ferromagnetic while their oxides are paramagnetic. The ferromagnetic nature disappears 
in the post-catalytic reaction (Figure 6.18) sample. This behavior may be attributed to the 
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Figure 6.16 Magnetization of as-deposited sol-gel coated Fe/Co micro-reactor. 
(S. Naidu, Grambling State University)
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Figure 6.17: Magnetization of hydrogenated (pre-catalytic reaction) sol-gel 
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Figure 6.18 Magnetization of sol-gel coated micro-reactor alter catalytic 
reaction is conducted. (S. Naidu, Grambling State University)
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CHAPTER VII
CATALYST PERFORMANCE AND APPLICATION 
IN MICROREACTION
Catalyst Performance in Cyclohexene Reaction
After the characterization of catalyst/support with XPS, SEM, surface area 
measurement, EDX, and VSM, the microreactor was put on the reaction setup for testing 
catalyst activity and efficiency by cyclohexene conversion reaction. In this reaction, 
platinum was the catalyst, and the silica and alumina were the catalyst supports.
In preparation of the experiment, the reactor was evacuated 1 hour, followed by 
hydrogen treatment for 2 hours at room temperature. The reactants were H2 and 
cyclohexene, with Argon as the carrier gas. Helium was used as a dilution gas at the 
outlet of the experimental setup and the flow rate was maintained at 5 seem.
There are four different kinds of catalyst conditions that were tested for the 
conversion of cyclohexene to cyclohexane and benzene. (Table 7.1)
Table 7.1 Four different kinds of catalyst conditions
A B C D
Sputtered Pt on 
bare silicon
Sputtered Pt on 
silicon oxide formed 
by sol gel method
Impregnated Pt on 
silicon oxide formed 
by sol gel method
Impregnated Pt on 
aluminum oxide 
formed by sol gel 
method
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Figure 7.1 Conversion vs. residence time on sputtered Pt 
(R. Besser, X. Ouyang, S. Zhao)
Figure 7.1 shows the conversion changes with the residence times of reactants in 
the microreactor coated with sputtered Platinum (Catalyst condition A). When the 
residence time is increased from 2 0 0  milliseconds to 800 milliseconds, the conversion of 
cyclohexene increases observably in the 100 pm channel microreactor. The increased
surface area available in the 5 pm channel reactor results in high conversions for all the
residence times tested. The conversion of cyclohexene in the 5 pm channel reactor is 
always higher than that in the 1 0 0  pm channel reactor due to the increased surface area 
available the S pm channel reactor.
Figure 7.2 shows the conversion of cyclohexene with 100 pm channels using 
catalyst condition B, which is sol-gel coated silica with sputtered Pt. Compared to Figure 
7.1, for 100 pm channels, the conversion using silica-supported sputtered Pt is higher 
than that with sputtered Pt alone. This is because the surface roughness of silica film 
increases the surface area o f sputtered platinum. The fact that the silica-supported
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sputtered Pt is better than sputtered Pt alone also can be confirmed from data shown in 
Figure 7.3. For silica-supported sputtered Pt, the conversion doesn’t drop at higher partial 
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Figure 7.3 Comparison of conversion vs. H2/C6H 10 partial pressure ratio.
(R. Besser, X. Ouyang, S. Zhao)
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The conversion change with temperature under catalyst condition A is different 
from that under catalyst condition B. (Figure 7.4) At temperatures lower than 50 °C, the 
conversion of cyclohexene in catalyst condition A is higher than that in catalyst condition 
B. When the temperatures are held between 50 °C and 150 °C, the conversions under 
both conditions increase slightly. However, the conversion using condition A is higher 
than that using condition B. When the temperature is higher than 150 °C, the conversion 
in condition A drops, but the conversion under condition B increases. Thus, one can 
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Figure 7.4 Comparison of conversion of cyclohexene vs. temperature.
(R. Besser, X. Ouyang, S. Zhao)
Figure 7.5 shows the selectivity for conversion of cyclohexene to cyclohexane 
and benzene at different temperatures for catalyst conditions A and B. For silica- 
supported sputtered Pt, the selectivity to cyclohexane is always higher than the selectivity 
to benzene both at low or high temperatures. However, for sputtered Pt without support, 
the selectivity to benzene is higher than the selectivity to cyclohexane when the 
temperature is higher than 150 °C. These interesting results suggest that, at high
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temperature, silica-supported sputtered Pt prefers formation of cyclohexane, while 
sputtered Pt without support mainly yields benzene.
4* 0.4 U 0.4
70 120
Temperature (°C)
• Selectivity-C6H 12 X Selectivity-C6H6
Sputtered Pt with silica sol-gel
20 70 120 170
Temperatue (°C)
O- Selec-56 Selec-78j 
Sputtered Pt without supports
Figure 7.5 Comparison of selectivity vs. temperature 
A series of experiments were designed to compare the performance of sputtered 
catalyst condition A with impregnated so-gel catalyst condition C. The temperature and 
flow rates for reactants were varied as shown in Table 7.2. The respective conversion of 
cyclohexene is also included in Table 7.2. Each setting for flow and temperature
Table 7.2 Experimental design for comparison of impregnated Pt with sputtered Pt
Temp (°C) H2 (seem) Ar (seem) He (seem) Conversion using impregnated Pt
62.5 0.82 0.28 5 0.9006446
62.5 0.82 0.82 5 0.9485676
62.5 0.28 0.82 5 0.9428213
125 0.55 0.55 5 0.9346983
187.5 0.28 0.28 5 0.8789347
187.5 0.82 0.28 5 0.9166284
187.5 0.82 0.82 5 0.9102714
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Figure 7.6 Conversion comparison for impregnated Pt and sputtered Pt 
Hydrogen treatment of the catalyst was performed at the beginning of the 
experiment by flowing 1 seem of pure hydrogen at room temperature. The cyclohexene 
was then fed into the reactor using argon as a carrier gas. The system stabilized after 4 
hours. Cyclohexene conversion on impregnated Pt remained same (90%) at all flow and 
temperature settings (around 90%) This can be compared to that obtained using sputtered 
Pt (Figure 7.6). From other experiments, we have also found that the conversion of silica- 
supported impregnated Pt is higher than that of silica-supported sputtered Pt.
Deactivation of the catalyst was also studied. In the experiment depicted in Figure 
7.8, the conversion increases at higher temperature for all but the last experiment 
performed on that particular microreactor. The lower conversion is an indication that 
catalyst deactivation need to be examined further for Pt impregnated on the sol-gel silica.
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Deactivation happens at 
the last point so the 
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Figure 7.7 Temperature effect on conversion of cyclohexene using 
impregnated Pt (X. Ouyang, S. Zhao)
Using the same reactor at the experimental settings listed in Table 7.3, 
deactivation at different temperatures was studied. Before the experiment started, one- 
hour of vacuum and one hour of hydrogen treatment were performed to activate the 
catalyst. As shown in the conversion calculation in Figure 7.7, as deactivation occurred, 
the conversion of cyclohexene was much lower than in the previous experiments at the 
same flow/temperature settings. At the first setting, T=125 °C, an 82% conversion was 
observed with no deactivation over the 2 hour period. However, in the second setting, 
T=62.5 °C, deactivation occurred dropping the conversion from 70% to 40%.
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Table 7.3 Reaction design for studying the deactivation of impregnated Pt
Run
number Time (min) T(°C) F.(H2) F2 (Ar) Fj(He)
1 120 125 0.55 0.55 5
2 60 62.5 0.82 0.82 5
3 60 187.5 0.82 0.82 5
4 60 200 0.82 0.82 5
5 60 225 0.82 0.82 5
6 60 250 0.82 0.82 5
7 60 275 0.82 0.82 5
8 60 300 0.82 0.82 5
9 60 250 0.82 0.82 5
10 90 250 0.55 0.55 5
11 180 250 0.28 0.28 5
12 60 100 0.28 0.28 5
13 60 100 0.55 0.55 5
14 60 100 0.82 0.82 5
15 60 50 0.82 0.82 5
16 60 20 0.82 0.82 5
17 60 20 0 0.82 5
As the temperature was increased from 187.5 °C (Run number 3) to 275 °C (Run 
number 7), the deactivation was observed, but the deactivation rate drop was not as high 
as in the second setting (T=62.5 °C). Here, it is important to point out that, at the 8 th 
setting (T=300 °C), conversion was not dropping but increasing during the experiment. 
Following the 8 th setting, a conversion increase (Figure 7.8-graph 2) was found in the 9th 
setting (T=250 °C). For the rest of the experiment, as the temperature was dropped again 
(see in the table), deactivation reaction dominated, especially at Run number 12, when 
the temperature was dropped from 250 °C to 100 °C. The rapid deactivation observed at 
low temperature is likely due to carbon formation on the surface of the catalyst (Figure
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7.8 graph 3). Moreover, we have found that the lifetime of impregnated Pt is longer than 
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Deactivation Study-Graph 3
High T Catalyst 
Deactivation
Low T Catalyst 
Deactivation
■ Run2: T(62.5) Fl(.82) F2(.82) •  Run3: T(187.5) Fl(.82) F2(.82) A Run4: T(200) F1(.82^F2^2)
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Figure 7.8 Deactivation study on impregnated Pt 
In this comparison of physical deposition methods of catalysts versus supported 
catalysts, it is clear tha the supported catalysts produce higher conversion and longer 
catalyst lifetime than physically deposited catalysts. In addition, the chemical methods 
employed to produce the supports does not require large capital equipment that sputter 
deposition requires.
The suitability of using alumina as a support versus silica was also examined. 
Impregnated Pt on alumina sol-gel prepared by Wang et al. method was tested for the 
conversion reaction of cyclohexene. The reaction was also carried out after 1 hour of H2 
treatment followed by 20 minutes of vacuum. Then the reactant gas was allowed to flow 
into the microreactor.
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Figure 7.9 shows the conversion of cyclohexene versus temperature with the 
impregnated Pt with alumina support. From the plot, one can see that the conversion 
remains constant at a high level (above 96 %) as the temperature increases. When the 
temperature was reduced, however, the conversion decreased gradually. The conversion 
dropped rapidly at 120 °C, and became almost zero temperatures below 50 °C. 
Comparing this result with the result based on silica-supported, impregnated Pt, one can 
conclude that the conversion of impregnated Pt on aluminum oxide is higher than that of 
impregnated Pt on silicon oxide. However, the lifetime of impregnated Pt on aluminum 
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The following conclusions can be drawn from the above work:
1. Cyclohexane product was favored by with sputtered Pt with silica sol-gel while 
benzene was favored by sputtered Pt without the silica sol-gel support.
2. Catalysts resulting in the highest to lowest conversion are impregnated Pt on 
aluminum oxide, impregnated Pt on silicon oxide, sputtered Pt on silicon oxide, 
and sputtered Pt without any support.
3. Catalysts lifetime in the order from longest to shortest are impregnated Pt on 
silicon oxide, impregnated Pt on aluminum oxide, sputtered Pt on silicon oxide, 
and sputtered Pt without support.
4. High conversion of cyclohexene at short residence times was realized using 
sputtered Pt in the 5 pm microreactor or impregnated Pt in the 100 pm 
microreactor, indicating high efficiency and high productivity of the microreactor.
Application of Catalyst Study 
After performing catalyst characterization and conforming catalyst activity and 
efficiency, the work was started on two commercially significant reactions: Fischer- 
Tropsch (T-F) synthesis to high alkanes and preferential oxidation for CO amelioration in 
hydrogen fuel cell feeds. F-T synthesis is a technology for conversion of natural gas to 
liquid and is an attractive alternative for bringing static gas resources to market. CO 
amelioration is a required processing step to prevent CO poisoning in a Proton Exchange 
Membrane (PEM) fuel cell.
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Fischer-Tropsch Synthesis
There are several groups working on F-T synthesis, such as Texas A&M 
University, Exxon Mobil, Shell, etc [42, 41]. The main catalysts used for this type of 
reaction are Ru, Fe, and Co. Fe and Co were selected as catalysts because iron has high 
activity and cobalt-based catalysts show lower water-gas shift activity, which is 
undesirable in this reaction. Sputtering deposition and sol-gel method were employed for 
the fabrication of catalysts.
Deposition of Fe and Co bv Sputtering 300 pm Fe and 100 pm Co were 
deposited on the microreactors separately because of the sputtering deposition limitation, 
which means that sputter can only make a uniform thin film of pure materials layer by 
layer.
An initial experiment involved studying catalyst behavior over a period of time, 
the effect of temperature, and H2/CO flow ratio on conversion. Reactants were fed for a 
period of 12 hours before any conversion could be observed. This observation illustrates 
the utility of our approach for characterizing activation behavior. Then H2 :CO flow ratio 
was maintained at 3:1 (0.3 seem to 0.1 seem) and temperature was slowly increased, with 
the result that methane conversion improved with each increase of temperature. From the 
experiments on 2  iron and 2  cobalt based 1 0 0  pm channel reactors, iron was found to 
have a higher catalyst activity than cobalt. This is consistent with that reported in the 
literature. For iron-coated reactors, the conversion ranged from 28% to 70%, while only 
5% to 18% for cobalt catalyst at 200 °C and 250 °C, respectively (Figure 7.10). No
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water-gas shill reaction was detected, nor was catalyst deactivation observed during 
experiments for both Fe and Co reactors.
Figure 7.10 F-T synthesis study with sputtered Fe and Co 
(Conversion vs. temperature) (Cooperation with Xun Ouyang)
Another experiment was carried out with a Fe coated 100 pm reactor at 250 °C 
while H2/CO flow ratio was varied from 1:1 to 10:1. The results are shown in Figure 
7.11. An increase in CO conversion was observed with higher H2/CO ratios. This 
observation may come from the difference in chemisorption ability of H2 and CO onto 
the catalyst surface.
The conversion presented above is all for methane. Methanation reaction has 
been chosen as a preliminary CO hydrogenation study leading to F-T synthesis. But the 
mechanisms of methanation and F-T synthesis are different. In F-T synthesis, the 
objective is to produce high molecular weight hydrocarbons. That is why the F-T 
synthesis is also called gas-to-liquids technology. However, with sputtered Fe or Co, only
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Figure 7.11 F-T synthesis study with sputtered Fe and H2/CO ratio.
(Cooperation with Xun Ouyang)
Mixed Fe and Co bv Sol-Gel Technology Having Considered Fe with higher 
activity and Co with no water-gas shift activity, a mixed catalyst of Fe and Co was 
chosen. The catalyst support is alumina because it can yield higher conversion than silica 
as discussed for cyclohexene conversion reactions. Initially, 6% Fe and 6% Co loading 
by weight were deposited using alumina sol-gel support, the same concentration used in 
conventional scale reactors. The catalysts was treated with H2 of 1 seem at 300 °C to 
change the chemical state of the catalyst from Fe+ and Co+ to Fe° and Co0  since reduced 
metals can act as catalysts. However, no reaction was observed. When the loading of 
catalyst was changed to 12% Fe and 12% Co, an appreciable conversion of CO was 
realized.
Figure 7.12 shows that the conversion of CO varies with the H2/CO ratio. At 
lower H2/CO ratios, the conversion increases with the increase in H2/CO ratio. But the
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main trend on conversion decreases with the increase of H2/CO ratio, and this is in 
agreement with that in normal scale reported in literature [48].
0.35
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64 5 7 8 9 102 31
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Figure 7.12 F-T study with sol-gel coated Fe/Co catalyst at 240 °C 
(Conversion vs. H2/CO ratio)
Based on the conversion presented above, and that reported from other research 
groups, we focused on using H2/CO ratio of 2:1 and 3:2. As shown in Figure 7.13, the 
conversion of CO was always higher with a H2/CO ratio of 3:2 than a H2/CO ratio of 2:1 
at different temperatures. Figure 7.14 compares the conversion with high/low rates at 
different temperatures. With increasing temperatures, the conversion increased at low 
flow rates. This result confirms that a longer residence time yields higher conversion of 
CO.
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Figure 7.14 F-T synthesis study with alumina sol-gel coated Fe/Co catalyst 
(conversion vs. temperature with different flow rate).
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Figure 7.15 F-T synthesis study with alumina sol-gel coated 
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Figure 7.16 F-T synthesis study with alumina sol-gel coated Fe/Co 
(selectivity to propane vs. temperature with different ratios of H2/CO)
As mentioned before, the purpose of this study is to produce higher alkanes. So, 
the selectivity to different products, Ci, C2,..., C„ should be considered. From Figure
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7.15, one can see almost 80% of CO produced propane, 20% CO produced ethane, and 
little methane was produced. That is the reason the sol-gel method was employed here.
The fact that a H2/CO ratio of 3:2 is better than a H2/CO ratio of 2:1 can be 
confirmed by the results presented in Figure 7.16. The selectivity to propane is 76% to 
78% for a H2/CO ratio of 3:2, compared with 72% to 74% for a H2/CO ratio of 2:1.
In our initial studies, the conversion of CO using sol-gel encapsulated Fe/Co was 
very low, 20%-30%. This can be improved further using a higher loading of catalyst, 
24% Fe and 24% Co. The conversion of CO to higher alkanes > 50% at the H2:CO ratio 
of 3:1 has been achieved at 220 °C.
Comparing reactions by sputtered Fe/Co with sol-gel coated Fe/Co, the following 
conclusions can be drawn:
1. With sputtered Fe and Co, only methane can be produced. The activity and
efficiency of Fe is higher than that of Co.
2. With sol-gel encapsulated Fe/Co catalyst, high molecular weight hydrocarbons
have been produced. A higher Fe/Co loading is required to improve the
conversion of CO.
3. A H2/CO ratio of 3:2 yields a higher conversion of CO in the microreactor coated 
with sol-gel encapsulated Fe-Co catalyst.
4. Higher alkanes may be realized at higher pressure, which is currently limited by 
the current reaction setup.
5. In addition, for the preparation of catalysts, sol-gel coated Fe/Co is much cheaper 
than sputtered Fe and Co because of cheaper raw materials and the facilities.
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Preferential Oxidation for CO Amelioration 
in Hydrogen Fuel Cell Feeds
Fuel cells, like batteries, convert the chemical energy directly to electrical energy 
without inefficient combustion. Therefore, they can compete with other energy sources 
(gasoline, battery, etc.), in areas such as the automotive industry and the cell phone 
industry. For example, fuel cells are used today for operating a very limited number of 
cars on the streets in Japan. Preferential oxidation of CO in hydrogen fuel cells is a new 
challenge as H2 is the main source for a fuel cell and the presence of CO in it will 
deactivate the fuel cell. Based on the information available in the literature, cobalt and 
platinum can be employed as catalysts. Platinum was chosen because Co requires higher 
temperatures than Pt [113,15]. Pt impregnated in sol-gel support was used instead of 
sputtered Pt because of its higher activity and longer lifetime demonstrated in the 
previous studies of the conversion of cyclohexene to cyclohexane and benzene.
The mixed gas used in our experiments consists of 70% H2 , 2% CO and 28% Ar. 
Air or O2 has been used as the oxidizer.
Preferential Oxidation for CO in Hydrogen Fuel bv Air. The reaction was started 
with one hour of vacuum, followed by two hours of H2 treatment to activate the catalyst. 
By changing the reaction temperature from 40 °C to 240 °C, some CO2 was produced at 
160-200 °C. For these experiments, the Pt loading was 50% by weight to silica. The ratio 
of O2/CO was varied from 0.3, 0.5, 0.75, 1 , 2 to 10 by keeping the mixed gas at lsccm 
and changing the air flow rate from 0.02 to 0.4 (Figure 7.17, 7.18). The temperature of 
the experiments was held constant at 200 °C. The conversion of CO decreases when the 
ratio of O2/CO increases until the O2/CO ratio is 2.5. Above the O2/CO ratio of 2.5, there
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is a steep increase in conversion. The conversion reaches a local maximum at an O2/CO
ratio of 4. The conversion decreases as the ratio is increased to 6 . From the ratio of 6  to 9,
the conversion remains relatively constant. Low ratios of O2/CO resulted in selectivity
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Figure 7.17 Preferential oxidation for CO at 200 °C 
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Figure 7.18 Preferential oxidation for CO (Selectivity vs. ratio 
of O2/CO)
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The conversion of CO over Pt obeys a single site Langmuir-Hinshelwood kinetic 
model [39], where O2 and CO compete for the same sites. (See circled region in Figure 
7.17). This is in agreement with that reported in the literature [15].
Based on both plots presented above, the region of low O2/CO ratios was explored 
further. The Pt loading was increased from 50% to 100% to further increase the 
conversion of CO. The total flow rate was maintained at 1.75 seem, and two O2/CO ratios 
were studied. The conversion versus temperature with different O2/CO ratios is shown in 
Figure 7.19. The conversion of CO decreases with increase in temperature. The O2/CO 
ratio of 0.75 yields higher conversion than the O2/CO ratio of 1.5. This is consistent with 
the trend shown in Figure 7.17 and that reported in the literature [97]. In Figure 7.20, 
when the temperature is increased from 120 °C to 220 °C, the selectivity to H2O 
increases, compared with the decrease o f selectivity to CO2, which is again consistent 
with that reported in the literature [15]. Selectivity to H2O is always higher than to CO2 
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Figure 7.19 Preferential oxidation for CO (Conversion vs. temperature 
with different O2/CO ratio) (Air as oxidizer)












Figure 7.20 Preferential oxidation for CO (Selectivity vs. temperature 
with O2/CO ratio of 0.75) (Air as oxidizer)
Preferential Oxidation for CO in Hydrogen Fuel bv Pure O?. Because air is only 
21% oxygen, the reactor system had to be modified to achieve the same O2/CO ratio 
using pure oxygen as was previously examined using air. The total flow rate through the 
reactor was varied between 0 . 2  and 1 seem, which is much lower than the air flow rate 
between 1.5 and 2 seem.
At first, temperature and O2/CO ratio were varied at a total flow rate of 0.6 seem. 
In Figure 7.21, the conversion and selectivity did not vary substantially as the 
temperature was varied. The selectivity to CO2 was highest at 170 °C, which is consistent 




Selectivity to C02 ■  Selectivity to H20










u  100 120 140 160 180 200 220 240
Temperature (°C)
[ ♦ ' Conversion of CO □  ■' Selectivity to CQ2 Selectivity to H20j
Figure 7.21 Preferential oxidation for CO (Conversion of CO or 
Selectivity vs. temperature with O2/CO ratio of 0.5 and total flow 
rate of 0 .6 sccm)
Figure 7.22 depicts the total flow rate versus conversion of CO and selectivity. 
The reaction has been carried out at 170 °C with an O2/CO ratio of 0.5. The conversion 
decreases with a decrease in residence time. The selectivity to CO2 is higher than to H2O 
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Figure 7.22 Preferential oxidation for CO (Conversion of CO or 
Selectivity vs. Residence time with O2/CO ratio of 0.5)
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As mentioned regarding cyclohexene conversion reactions, silica-supported, 
impregnated Pt has a long lifetime. Catalyst stability over long time periods is a 
requirement for commercialization of this technology.Stability of the Pt catalyst was 
tested at 170 °C, an O2/CO ratio of 0.5 and a total flow rate of 0.6 seem (Figure 7.23). 
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Figure 7.23 Preferential oxidation for CO (Conversion of CO or 
Selectivity vs. time with O2/CO ratio of 0.5)
Based on the above discussion, it can be concluded as follows:
1. Residence time affects both the conversion of CO and the selectivity to CO2 . 
Longer residence time yields high conversions of CO and selectivity toward CO2 .
2. The conversion and selectivity of this reaction is not sensitive to broad 
temperature changes at the residence time tested.
3. The conversion of CO and selectivity to CO2 decreases with increasing O2 
concentration. A stoichiometric quantity of oxygen was found to produce 
optimum results.
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4. Impregnated platinum supported by silica gel is a suitable catalyst for 
preferential oxidation for CO in a hydrogen fuel cell. No deactivation of the 
catalyst is observed after 40 hours of reaction.
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CHAPTER VIII
STATISTICAL ANALYSIS
For any experiment, it is more efficient to examine all possible causes of variation 
simultaneously rather than one at a time. Fewer observations are usually needed, and one 
gains more information about the system being investigated. This simultaneous study is 
known as a “factorial experiment.” It can save time and cost. Response surface 
methodology is developed to aid the improvement of manufacturing processes in the 
chemical industry.
In this study, a Central Composite Design (CCD), the most popular second-order 
design for response surface methodology, has been used in preferential oxidation for CO 
amelioration in hydrogen fuel cell feeds. There are three factors that we consider 
important to the experiment. Temperature(xl), C0 : 0 2  ratio(x2), and the Total Flow 
rate(x3) are the three independent factors. The conversion of CO and the selectivity of 
CO2 are considered as the dependent variables.
According to the CCD, 18 runs have been carried out and all the design and 
experimental observations that were collected using the microreaction set up system are 
shown in Table 8.1, where Part A is the uncoded values and part B is the coded values. 
Y1 is the conversion of CO, and Y2 is the selectivity of CO2 . The software, SAS, was 
utilized for analyzing the experimental observation.
119
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Table 8.1 Central Composite Design for Fuel Cell Experiment:
A B
Tempera C0 : 0 2  TotalFlow
Obser Run ture Ratio Rate Conversion Selectivity of
vation Order T(0C) R FL(sccm) xl x2 x3 Y1 C0 2 Y2
1 13 140.24 1 . 0 1 0.36 -1 -1 -1 0.5956 0.7265
2 18 140.24 1 . 0 1 0.84 -1 -1 1 0.3749 0.3383
3 7 140.24 3.24 0.36 -1 1 0.5346 0.8569
4 2 140.24 3.24 0.84 -1 1 1 0.3712 0.5113
5 14 199.76 1 . 0 1 0.36 1 -1 -1 0.5765 0.7477
6 8 199.76 1 . 0 1 0.84 1 -1 1 0.3186 0.3272
7 5 199.76 3.24 0.36 1 1 -1 0.5068 0.6348
8 1 1 199.76 3.24 0.84 1 1 1 0.3667 0.4406
9 1 170.00 2.13 0.60 0 0 0 0.4010 0.5338
1 0 16 170.00 2.13 0.60 0 0 0 0.3901 0.3862
1 1 6 170.00 2.13 0.60 0 0 0 0.3923 0.5594
1 2 9 170.00 2.13 0.60 0 0 0 0.4410 0.4680
13 1 2 1 2 0 . 0 0 2.13 0.60 -1.7 0 0 0.4735 0.5843
14 3 2 2 0 . 0 0 2.125 0 . 6 1.7 0 0 0.4225 0.5991
15 4 170.00 0.25 0.60 0 - 1 . 6 8 0 0.4226 0.5389
16 1 0 170.00 4.00 0.60 0 1 . 6 8 0 0.4512 0.5434
17 15 170.00 2.13 0 . 2 0 0 0 -1.7 0.7017 0.8741
18 17 170.00 2.13 1 . 0 0 0 0 1 . 6 8 0.3375 0.2610
Table 8.2 SAS output of the 2nd-order fuel cell model on CO conversion with parameter 





Parameter factor Estimate Error
from Coded 
t Value Pr > |t| Data
Intercept 1 1.508258 0.287724 5.24 0.0008 0.407030
xl 1 -0.004948 0.002796 -1.77 0.1148 -0.023822
x2 1 -0.103630 0.053910 -1.92 0.0908 -0.004690
x3 1 -1.330814 0.261789 -5.08 0.0009 -0.170858
xl*xl 1 0.000012568 0.000007746 1.62 0.1434 0.031421
x2 *xl 1 0.000162 0.000260 0.62 0.5502 0.015191
x2 *x2 1 0.005777 0.005510 1.05 0.3251 0.020311
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x3*xl 1 -0.000243 0.001207 -0.20 0.8453 -0.004865
x3*x2 1 0.081712 0.032214 2.54 0.0349 0.061284
x3*x3 1 0.642821 0.120698 5.33 0.0007 0.102851
Table 8.3 SAS output of the 2nd-order fuel cell model on CO2 selectivity with parameter 




Design Standard from Coded
Parameter factor Estimate Error t Value P r> |t| Data
Intercept 1 2.418602 0.754116 3.21 0.0125 0.486707
xl 1 -0.013772 0.007329 -1 . 8 8 0.0970 -0.031666
x2  1 0.072598 0.141296 0.51 0.6213 0.038333
x3 1 -1.958690 0.686142 -2.85 0.0213 -0.291537
xl*xl 1 0.000042091 0.000020303 2.07 0.0719 0.105227
x2 *xl 1 -0.001140 0.000681 -1.67 0.1326 -0.106867
x2 *x2  1 0.015607 0.014442 1.08 0.3113 0.054870
x3*xl 1 0.002084 0.003163 0 . 6 6 0.5285 0.041688
x3*x2 1 0.125501 0.084432 1.49 0.1755 0.094126
x3*x3 1 0.507344 0.316345 1.60 0.1474 0.081175
Table 8.4 SAS output of the Estimated Ridge of Maximum Response for the conversion 
of CO.
The RSREG Procedure 
Estimated Ridge of Maximum Response for Variable y
Coded Estimated Standard Uncoded Factor Values
Radius Response Error xl x2 x3
0 . 0 0.407030 0.012169 170.000000 2.125000 0.600000
0 . 1 0.425323 0.012104 169.373894 2.114155 0.560382
0 . 2 0.445720 0.011924 168.856357 2.093821 0.520804
0.3 0.468263 0.011682 168.423220 2.066378 0.481322
0.4 0.492979 0.011472 168.056242 2.033532 0.441957
0.5 0.519887 0.011434 167.741721 1.996518 0.402713
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0 . 6 0.549002 0.011742 167.469315 1.956234 0.363581
0.7 0.580333 0.012566 167.231137 1.913347 0.324554
0 . 8 0.613890 0.014025 167.021104 1.868359 0.285620
0.9 0.649679 0.016153 166.834464 1.821652 0.246771
1 . 0 0.687703 0.018926 166.667466 1.773525 0.207996
Table 8.5 SAS output of the Estimated Ridge of Maximum Response for the selectivity 
of C 02.
The RSREG Procedure 
Estimated Ridge of Maximum Response for Variable y
Coded Estimated Standard Uncoded Factor Values
Radius Response Error xl x2 x3
0 . 0 0.486707 0.031895 170.000000 2.125000 0.600000
0 . 1 0.517048 0.031722 169.364948 2.143983 0.560531
0 . 2 0.548993 0.031250 168.547733 2.153036 0.521074
0.3 0.582632 0.030615 167.574263 2.153265 0.481733
0.4 0.618042 0.030063 166.469131 2.145755 0.442575
0.5 0.655287 0.029960 165.254587 2.131508 0.403641
0 . 6 0.694421 0.030763 163.950167 2.111412 0.364949
0.7 0.735487 0.032922 162.572736 2.086231 0.326502
0 . 8 0.778521 0.036741 161.136750 2.056610 0.288296
0.9 0.823553 0.042315 159.654608 2.023087 0.250318
1 . 0 0.870609 0.049578 158.137025 1.986103 0.212553
Table 8 . 6  SAS output of the correlation between CO conversion and CO2 selectivity.
Spearman Correlation Coefficients, N = 18
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Conclusion from data analysis using SAS:
From Table 8.2, the 2nd-order model for CO conversion is:
y  = \ .508258-0.004948.*, -0.10363x2 -1.330814*, + 0.000012568*,2
+0.000162*,*, + 0.005777*22 -0.000243*,*, +0.081712*2*3 +0.64282I*,2
From Table 8.3, the 2nd-order model for the selectivity of CO2 is :
y  = 2.418602 -  0.013772*, + 0.072598*, -1.95869*3 +0.000042091*,2
-0.00114*,*, + 0.015607*,2 + 0.002084*,*3 +0.125501*,*, + 0.507344x32
From Table 8.4, the 2nd-order model of CO conversion shows that the temperature, 
CO: O2 ratio, and Total Flow Rate combination at the point (167 °C, 1.77, and 0.207 
seem) gives a maximum conversion of CO (68.77%). From Table 8.5, the 2nd-order 
model of the selectivity of CO2 shows that the temperature, CO: O2 ratio, and Total Flow 
Rate combination at the point (158 °C, 1.99, and 0.213 seem) gives a maximum 
selectivity of CO2 (87.06%).
From Table 8 .6 , the correlation coefficient of the conversion of CO and selectivity 
of CO2 is 0.903. This indicates that the conversion of CO and the selectivity of CO2 are 
highly correlated.
According to the SAS result, 158 °C, a 1.77 CO: O2 , and a 0.208 seem flow is 
predicted to produce the maximum conversion of CO and selectivity of CO2 . When this 
combination was used in the 2nd-order model for CO conversion and 2nd-order model for 
CO2 selectivity, the CO conversion was 69.31% and CO2 selectivity was 8 8 .1 %.
Unfortunately, the highest conversion of CO and selectivity towards CO2 was 
produced at the lowest flow rate the equipment would operate. Ideally, one would want to
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further reduce the total flow rate, but that is not possible with the equipment that is 
currently available. Additional experiments are planned at 0.2 seem to determine 
sensitivity of O2 .CO ratio and reactor temperature at this flow rate.
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CHAPTER IX
CONCLUSIONS
In this study, catalysts of platinum, iron and cobalt have been successfully 
microfabricated by two types of methods: physical and chemical methods. In the case of 
the physical method, 50 nm Pt, 30 nm Fe, and 10 nm Co were deposited into the 
microreactor by sputtering deposition to yield a uniform thin film inside the 
microchannels of the microreactor. Chemical methods, such as sol-gel method and ion 
impregnation, were employed to increase the surface area of the catalysts inside the 
microreactors. Silica-supported or alumina-supported Pt and alumina-supported Fe/Co 
were fabricated by modifying the methods reported in the literature.
Characterization of catalysts with supports was performed using SEM (scanning 
electron microscopy), XPS (X-ray photoelectron spectroscopy), and BET surface area 
measurement, EDX (Energy Dispersive X-Ray), and VSM (Vibrating Sample 
Magnetometer) techniques. The 5 pm wide channel dimension tested did not allow 
unform coverage of sol-gel on the wall of the microchannels, while the 1 0 0  pm wide 
channel reactor did allow uniform coverage. The size of support particles coated by a sol- 
gel method has a diameter of 80 nm, which dramatically increases the surface area of 
catalysts compared to that of sputtered catalysts. The concentration of platinum inside 
silica support was found to be uniform. The surface area of catalysts with supports is 7 
m2, which is much higher than the calculated area o f a microreactor without support
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(0.003 m2). The adhesion of alumina to the silicon sidewall is lower than that of silica. 
Also dip coatings resulted in larger surface area of catalysts than drop coatings and spin 
coatings. The ferromagnetic nature of Fe/Co has been changed before and after the 
chemical reaction.
Two microreactor geometies were used for testing the activity and efficiency of 
catalysts. Straight line channels with 3 pm and 100 pm in width and wave line channels 5 
pm in width were micromachined by lithography and ICP etching. The challenges in ICP 
etching were overcome by optimizing the cycle times of SF6 gas flow, bias power, and 
chamber pressure.
The cyclohexene conversion reaction was utilized for comparison of catalysts 
fabricated by different methods. The activity and efficiency of sol-gel coated catalysts is 
much higher than that of sputtered catalysts. Catalysts tested for conversion of 
cyclohexene in descending order of activity are: impregnated Pt on aluminum oxide, 
impregnated Pt on silicon oxide, sputtered Pt on silicon oxide, and sputtered Pt without 
support. The effect of residence time on the conversion of cyclohexene is observably 
smaller than that of surface area. The descending order of observed catalysts’ lifetime 
are: impregnated Pt on silicon oxide, impregnated Pt on aluminum oxide, sputtered Pt on 
silicon oxide, and sputtered Pt without support.
Fischer-Tropsch (F-T) synthesis and preferential oxidation of CO in a fuel cell 
were two applications studied in the microreactors. Over 50% conversion of CO in F-T 
synthesis and over 70% conversion of CO in preferential oxidation were accomplished. 
The selectivity to propane is 78% and the selectivity to CO2 is over 80%, respectively.
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In Fischer-Tropsch synthesis, with sputtered Fe and Co, only methane can be 
produced. The activity and efficiency of Fe is higher than Co. With a sol-gel encapsulated 
Fe/Co catalyst, higher molecular weight hydrocarbons have been produced. A higher 
Fe/Co loading is recommended to improve the conversion of CO. A H2/CO ratio of 3:2 
yields a higher conversion of CO in the microreactor coated with sol-gel encapsulated Fe- 
Co catalyst. Higher alkanes may be realized at higher pressure; however, the microreactor 
setup described in this dissertation was limited to atmospheric pressure studies only.
In the preferential oxidation of CO for fuel cells, long residence times are required 
to yield a high conversion of CO and selectivity to CO2 . Temperature variations between 
120 °C and 220 °C were not significant at the residence time tested. The highest 
selectivity to CO2 was observed at 170 °C. The conversion of CO and selectivity to CO2 
decreases with increase of the O2 concentration above the stoichiometric amount for the 
desired reaction. An O2/CO ratio of 0.5 is a very good ratio for CO conversion. 
Impregnated platinum supported by silica gel is a suitable catalyst for preferential 
oxidation for CO in the presence of hydrogen. No deactivation of catalyst is observed 
after 40 hours of reaction.
A Central Composite Design (CCD) of experiment was performed to efficiently 
analyze the parameters of the preferential oxidation of CO reaction. Three parameters 
were analyzed using experimental data from 18 runs. The model predicts an optimum 
combination of temperature, CO: O2 ratio, and total flow rate of 158 °C, 1.77, and 0.207 
seem will result in 69% conversion of CO and 8 8 % selectivity to CO2 .













di gas molecule diameter
P gas partial pressure
Rs specific turnover rate
f catalyst reaction turnover frequency
a catalyst surface area
RP reaction probability
F flux of molecules striking the surface of unit area
R gas constant
M average molar weight






W weight of gas
P/P0 relative pressure
C BET constant
s slope of BET plot
i intercept of BET plot
Wm weight of a monolayer
s t total surface area
S specific surface area
w sample weight
KE kinetic energy of the emitted electron
h energy of the photon
BE binding energy
work function of the spectrometer
d analysis depth of XPS
0 take-off angle of the analyzed electrons
e , a random error variable
P measure of the local linear effect of the ith factor
n* mean response
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